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Summary
Diseases related to vascular malfunction, hyper-vascularization, or lack of vascularization are among the leading causes of morbidity and mortality. Although the first generation of pro- and anti-vascular treatment strategies has delivered promising results in basic research, clinical trials have not met expectations. One reason for this discrepancy lies in the differences between basic research involving animal models and human biology. Additionally, the evaluation of vascular treatment strategies on the cellular level is challenging in animal models and even more so in human patients. Three-dimensional (3D) tissue models show great potential for overcoming these limitations by establishing controlled and near-physiological in vitro conditions for the detailed study of vessel formation and regulation. The engineering of vascularized tissue models requires 
appropriate scaffold materials that support cell-specific functions and at best are compatible with (micro)-manufacturing techniques. Furthermore, scaffold materials for tissue models should be 
highly defined in their composition and properties to achieve reproducible and controlled cell 
environments. Additionally, tissue models that address cell biology questions would benefit from 
scaffold materials that can be tailored towards specific cellular needs. Hydrogels made of fully 
synthetic materials that mimic the extracellular matrix (ECM) fulfill these requirements and have been established in the last decade. For the development of vascularized tissue models, it is now important to integrate such versatile hydrogel systems with recent advances in vascular biology and manufacturing techniques. In the presented thesis, we engineer micro-capillary networks in poly (ethylene glycol) PEG-based hydrogels by the 3D co-culture of endothelial cells and mesenchymal stem/progenitor cells (MSCs). In this setup, endothelial cells self-assemble into lumenized micro-capillaries surrounded by cell-derived ECM and stabilized by MSCs that serve as support cells. While myriads of studies have investigated the endothelial component of micro-capillaries, we bring the anonymous support cells into the limelight and ask what fate decision MSCs undergo in the perivascular microenvironment. This question is of general biological interest because in vivo MSCs likely reside in the perivascular microenvironment of blood vessel capillaries. Transcriptome analysis of human bone marrow MSCs, when isolated from engineered micro-capillaries, revealed a prominent switch in ECM production of vascular basement membrane components and perivascular differentiation 
including Notch signaling. By making use of the modular and flexible design of PEG-hydrogels we functionalized them with the Notch-activating ligand Jagged1 and could recapitulate the ECM phenotypic switch of MSCs in the absence of endothelial cells. In doing so we show that the ECM switch is a novel attribute of perivascular MSCs and that vascular ECM components in MSCs are likely controlled by cell-cell communication via the Notch pathway.MSCs are not just vascular supporters but also progenitor cells of mesenchymal tissues. Therefore, in an effort to establish vascularized bone mimicking tissue we took advantage of the full potential of MSCs by simultaneously using them as pro-vascular and tissue progenitor cells. While bone marrow MSCs together with endothelial cells assembled into micro-capillary structures in 3D co-cultures, we used growth factors to direct the fate of MSCs towards osteogenic cells. In this 
study, bone morphogenetic protein-2 (BMP-2) or fibroblast growth factor-2 (FGF-2) promotes 
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Summarythe formation of vascular networks. However, while osteogenic differentiation is achieved with BMP-2, treatment with FGF-2 suppressed osteogenic differentiation. Thus, our study shows that co-cultures of MSCs and endothelial cells in PEG-hydrogels can be directed towards bone-like and bone marrow-like 3D tissue constructs.Taken together, this thesis provides micro-capillary networks as building block for the generation of vascularized tissue models in synthetic hydrogels. Two proof of concept studies show that engineered micro-capillary networks can be used 1) as valuable models in 3D vascular cell biology and 2) in a tissue engineering approach towards the generation of vascularized tissue mimics. 
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Zusammenfassung
Zusammenfassung
Krankheiten, welche das vaskuläre System betreffen, gehören zu den häufigsten Todesursachen. Vaskuläre Erkrankungen umfassen z.B. eine zu starke Blutgefässbildung bei Tumoren, Durchblutungsschwierigkeiten bei Diabetes oder das Fehlen von Blutgefässen bei nekrotischen Geweben. Die Grundlagenforschung hat in der Vergangenheit Erfolg versprechende Blutgefäss-fördernde und -inhibierende Strategien entwickelt. Jedoch konnten Resultate der Grundlagenforschung nur selten in klinischen Studien bestätigt werden. Eine Ursache für diese Diskrepanz liegt im Unterschied zwischen den in der Grundlagenforschung angewandten Tiermodellen und der menschlichen Biologie begründet. Des Weiteren gestaltet es sich als schwierig, vaskuläre Therapiestrategien in Tiermodellen sowie in Patienten auf zellulärer Ebene zu untersuchen. 3-dimensionale (3D) Gewebsmodelle haben das Potential, diesen Schwierigkeiten entgegenzuwirken, indem sie unter kontrollierten und der menschlichen Physiologie ähnlichen Bedingungen die Studie der Blutgefässbiologie ermöglichen. Das Züchten von vaskularisierten Gewebsmodellen benötigt angemessene Gerüstmaterialien, welche 3D Konditionen erlauben, 
zell-spezifische Funktionen unterstützen und kompatibel mit modernen 3D Produktionsverfahren sind. Darüber hinaus sollten solche Materialien bezüglich ihrer Bestandteile und Eigenschaften 
exakt definiert sein, um reproduzierbare und kontrollierte Zellumgebungen zu ermöglichen. Zusätzlich ist es für die Adressierung von zellbiologischen Fragestellungen von Vorteil, wenn 
diese Materialien flexibel sind und zell-spezifischen Anforderungen angepasst werden können. In den letzten Jahren wurden Hydrogele aus synthetischen Materialien entwickelt, welche die extrazelluläre Matrix (EZM) nachahmen und die genannten Bedingungen erfüllen. Um vaskularisierte Gewebsmodelle zu etablieren ist es nun wichtig, synthetische Hydrogelsysteme mit Fortschritten in der Blutgefässbiologie und modernen Produktionsverfahren zu verknüpfen. In der vorliegenden Arbeit wird die Entwicklung von künstlichen, kleinen Blutgefässen (Mikrokapillaren) durch die Ko-Kultur von Endothelzellen und Mesenchymalen Stammzellen (MSC) in Polyethylenglykol (PEG)-Hydrogelen gezeigt. In diesem 3D in vitro System fusionieren Endothelzellen zu Mikrokapillaren, welche Lumen aufweisen, von zell-eigener EZM umgeben sind und von MSC stabilisiert und unterstützt werden. Während vorherige Studien die Endothelzellen der Mikrokapillaren untersucht haben, werden in dieser Arbeit die Helferzellen in den Mittelpunkt gerückt. Dazu wird die Frage, welchen Phänotyp MSC in der künstlichen, perivaskulären Umgebung annehmen, adressiert. Diese Frage ist von breiterem zellbiologischen Interesse, weil MSC in vivo wahrscheinlich in der perivaskulären Umgebung von kleinen Blutgefässen angesiedelt sind. Genexpressions-Analysen von humanen Knochenmark-MSC, welche von den künstlichen Mikrokapillaren zurückgewonnen wurden, weisen eine deutliche Veränderung von Komponenten der vaskulären EZM und von Indikatoren für eine perivaskuläre Differenzierung inklusive des Notch-Signalweges auf. Durch die Design-Flexibilität des verwendeten PEG-Hydrogels konnte der Notch-Signalweg-Aktivator Jagged1 in das Hydrogel eingebaut werden und dadurch die Veränderung der vaskulären EZM Komponenten in MSC in Abwesenheit von Endothelzellen induziert werden. Dadurch konnte gezeigt werden, dass die Veränderung der EZM ein neues Attribut von perivaskulären MSC ist und, dass die vaskuläre EZM in MSC wahrscheinlich mittels 
VZusammenfassungZell-Zell-Kommunikation durch den Notch-Signalweg kontrolliert wird.Abgesehen von ihrer Helferfunktion für Endothelzellen besitzen MSC mesenchymale Stammzelleigenschaften. In der vorliegenden Arbeit wurden diese beiden Eigenschaften von MSC in einem vaskularisierten Gewebsmodell mit osteogenen Knocheneigenschaften kombiniert. Dazu wurden MSC/Endothelzell-Kulturen und die beiden Wachstumsfaktoren Knochen-induzierendes Protein 2 (bone morphogenetic protein-2: BMP-2) und Fibroblasten Wachstumsfaktor 2 (fibroblast growth factor-2: FGF-2) benutzt. Beide Wachstumsfaktoren unterstützen die Formierung von Endothelzellen zu Mikrokapillaren. Während BMP-2 jedoch die osteogene Differenzierung von MSC hervorruft, unterdrückt FGF-2 diesen Effekt. Dieses Resultat zeigt, dass MSC/Endothelzell-Kulturen in PEG-Hydrogelen benutzt werden können, um einfache, vaskularisierte 3D Gewebsmodelle von Knochen und Knochenmark zu generieren. Zusammengefasst zeigt die vorliegende Arbeit, dass künstliche Blutgefässnetzwerke in synthetischen Hydrogelen etabliert werden können. Diese mikrokapillaren Netzwerke können als Bausteine für vaskularisierte Gewebsmodelle benutzt werden, wie in zwei Beispielstudien demonstriert wird. Es wird gezeigt, dass die mikrokapillaren Netzwerke A) als 3D Modell für grundlegende Blutgefässbiologie und B) als Teil von vaskularisierten Knochenmodellen fungieren können. 
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Abbreviations and acronyms
Abbreviations and acronyms
2D / 3D / 4D = two / three / four dimensionalACTA2 = alpha-actin 2; geneALP = alkaline phosphatase ALPL = alkaline phosphatase liver / bone / kidney; geneANG-1 / ANG-2 = angiopoietin 1 / 2ANOVA = analysis of varianceASC = adipose-derived stromal cellsBGLAP = bone gamma-carboxyglutamic acid-containing protein; geneBMP-2 / BMP-4 = bone morphogenetic protein 2 / 4BSA = bovine serum albumin CD = cluster of differentiationCDH2 = cadherin-2; geneCol = collagen; proteinCOL = collagen; geneCt-value = cycle threshold valueDEG = differentially expressed geneDLL-4 = delta-like ligand 4EC = endothelial cellECFC = endothelial colony-forming cellsECM = extracellular matrixEDTA = ethylenediaminetetraacetic acidEEF1A1 = eukaryotic translation elongation factor 1 alpha 1; geneEGF = epidermal growth factor
FACS = fluorescence-activated cell sortingFBS = fetal bovine serum FDR = false discovery rate
FGF-2 = fibroblast growth factor 2
FN = fibronectinFXIII = blood coagulation factor XIIIGAG = glycosaminoglycanGAPDH = glyceraldehyde-3-phosphate dehydrogenase; gene
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1Main concept
Main concept
Motivation
Diseases related to vascular malfunction, hyper-vascularization, or lack of vascularization are among the leading causes of morbidity and mortality. On the one hand, patients suffer from 
insufficient vascular perfusion of the heart, the brain or even peripheral tissues. On the other hand, excessive vascular growth contributes to the pathogenesis of cancer, psoriasis or diabetic 
retinopathy. Despite the fact that treatments towards insufficient perfusion by growth factor-mediated induction of neovascularization have delivered promising results in basic research, clinical trials have not met expectations. Additionally, therapeutic approaches towards the reduction and normalization of vascularization for most cancers have only resulted in minimal extension of progression free survival. Obviously, there is a great need for relevant in vitro models to investigate treatment approaches and novel therapeutics towards the re-establishment, normalization, or reduction of vessels under near-physiological conditions. Furthermore, also basic research in 
blood vessel biology will benefit from vascularized tissue models. The engineering of vascularized tissue constructs for both in vivo transplantation as well as in vitro modeling requires appropriate 
scaffold materials. Such materials must support cell-specific functions and be compatible with innovative (micro)-manufacturing techniques. Extracellular matrix (ECM)-inspired hydrogels 
fulfill these requirements and are extremely versatile materials. Today, engineers and biologists can draw on several natural or synthetic ECM-mimicking hydrogel systems to vascularize tissues and establish models of vascular diseases in vitro. In the future, engineered vascularized tissues will build an important basis to study basic questions of vascular biology, to develop perusable tissues for transplantation, and to test novel therapeutics under controlled near-physiological conditions. In this regard, it is of fundamental importance for the success of vascular engineering to continuously integrate advances in vascular biology with hydrogel innovations. Synthetic hydrogel 
materials are flexible in design, biologically inert and chemically defined, which facilitates matrix 
engineering and biological modifications. Furthermore, since they are produced from scratch, synthetic hydrogels are free of animal products and biological confounding signals, which are important features for the reproducibility and medical relevance of tissue models. Therefore, the presented thesis aims to establish 3D micro-capillary networks within synthetic ECM-mimicking poly(ethylene glycol) (PEG) hydrogels as basic modules for vascularized tissue models.
Objectives
To establish micro-capillary networks in synthetic PEG hydrogels, we co-culture endothelial cells with mesenchymal stem/progenitor cells (MSCs). Endothelial cells represent the building block of every vascular engineering approach since they form the inner cell layer of all blood vessels. MSCs 
2Main concept
were used in the first place as mesenchymal support cells since they have previously displayed pro-vascular properties, in vitro. However, the most prominent characteristic of MSCs is certainly not their pro-vascular, but rather their stem cell properties. Due to this tissue progenitor capacity, MSCs have become a major tool in regenerative medicine and tissue engineering approaches that aim to replace, treat or model mesenchymal tissues. It is interesting to note that in vivo mesenchymal tissue progenitor cells reside in close proximity to blood vessels (in the perivascular space). This perivascular localization in vivo together with the pro-vascular properties of MSCs in vitro have led to the constantly debated hypothesis that MSCs and perivascular (mural) cells are closely related or even equivalent cell types. Regardless of the actual degree of relationship, the 
given similarity of MSCs and perivascular cells is a lucky find for the engineering of vascularized tissues. In the presented thesis, the following objectives towards the establishment of vascularized in vitro tissue models are addressed:
Objective 1: Micro-capillary network engineering. The gold standard materials to engineer 3D 
micro-capillary networks are natural ECM hydrogels composed of fibrin or collagen type I. The 
first goal of this thesis is to engineer micro-capillary networks in fully synthetic, ECM-free PEG hydrogels. 
Objective 2: Vascular biology. MSCs have pro-vascular properties and support the capillary morphogenesis by endothelial cells. The second goal of this thesis is to investigate how MSCs are regulated by endothelial cells, and what the fate of MSCs in the perivascular microenvironment is. 
Objective 3: Tissue model. MSCs have pro-vascular and tissue progenitor properties. Therefore, we hypothesize that both MSC properties can be combined in 3D PEG hydrogels to build vascularized bone-mimicking tissues.  
Thesis outline 
The presented thesis consists of four chapters. In Chapter 1, we discuss the history, development and application of hydrogels in vascular engineering. We start by looking at the molecular and cellular aspects of neovascularization since these aspects are key to understanding the requirements concerning vascular engineering. Based on this, we will examine how different 
hydrogel materials and designs have fulfilled the requirements and have been successfully 
engineered for blood vessel growth. Starting with the hydrated protein meshwork fibrin, which is the naturally occurring scaffold for neovascularization during wound healing, we review hydrogel 
materials from natural ECM via semi-synthetic to synthetic components. We finish Chapter 1 by considering the current limitations of hydrogel usage for vascular engineering and by giving a brief summary of novel trends in the context of vascularized tissue models. The content of Chapter 
1 is adapted from an accepted review article. As briefly discussed, engineering micro-capillary networks in hydrogels requires not only endothelial cells, but also mesenchymal support cells. In 
Chapter 2, we establish micro-capillaries in synthetic PEG hydrogels. In these assays, MSCs act as perivascular-like cells and support endothelial capillary morphogenesis. Here, we bring MSCs, which in vascular engineering are usually applied as supporters, into the limelight and ask what 
3Main conceptadaptations they undergo in the perivascular environment of engineered endothelial capillaries. 
Chapter 2 also partially addresses the question of the modification of ECM-free synthetic PEG 
hydrogels by cell-deposited ECM, which is an understudied topic in the field of synthetic materials research. The content of Chapter 2 is taken from a manuscript that is prepared for submission as a full article. Chapter 3 is motivated by the idea of combining the pro-vascular and the tissue progenitor properties of MSCs towards a micro-vascularized bone-mimicking model. Similar to Chapter 2, micro-capillaries were generated in PEG hydrogels by co-culturing endothelial cells with MSCs. At the same time, MSCs in 3D co-cultures were also differentiated into osteoblasts by 
the bone morphogenetic protein-2 (BMP-2) or prevented from differentiation by the fibroblast growth factor 2 (FGF-2). The content of Chapter 3 is taken from a manuscript that is published as a full article. Chapter 4 will conclude this thesis and try to develop a vision as to how this 
project or the findings thereof could be used in future work. To do so, we will summarize what we 
have learned in this project and evaluate the potential of the findings. In this context, the general limitations of the setup in addition to limitations of the thesis design will be discussed.
Chapter I
4
Chapter I: 
Inspired by nature: hydrogels as versatile tools for vascular 
engineering
The content of this chapter is accepted for publication as comprehensive review article: U. Blache and M. Ehrbar (2018): Inspired by nature: hydrogels as versatile tools for vascular engineering; 
Advances in Wound Care
Abstract
Diseases related to vascular malfunctions are among the leading causes of morbidity and 
mortality in the industrialized world. While patients suffer from insufficient vascular perfusion of the heart, the brain, or even peripheral tissues, excessive vascular growth contributes to the pathogenesis of cancer, psoriasis, or diabetic retinopathy. Even though treatments towards 
insufficient perfusion by growth factor-mediated induction of angiogenesis have delivered promising results in basic research, clinical trials have not met expectations. Additionally, anti-angiogenic approaches towards the reduction of vascularization in most cancers have only resulted in the minimal extension of progression free survival. Obviously, relevant in vitro models to study blood vessel biology and treatment approaches under near-physiological conditions are needed. The engineering of vascularized tissue constructs for in vivo transplantation as well as 
for modeling diseases in vitro requires appropriate scaffold materials that support cell-specific functions and are compatible with innovative (micro)-manufacturing techniques. Extracellular 
matrix (ECM)-inspired hydrogels fulfill these requirements and are extremely versatile scaffold materials for vascular engineering. Importantly, essential to the success of vascular engineering is the continuous integration of hydrogel innovations with advances in vascular biology and manufacturing techniques. In this review, we discuss hydrogels in vascular engineering, including 
their in vivo application. We specifically focus on the advancements related to materials research and on the development of vascularized three-dimensional (3D) tissue models.
Chapter I
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Neovascularization
Mechanisms of blood vessel development, maturation, and remodelingThe cardiovascular system supplies almost all tissues with gas, nutrients, signaling molecules, and cells. Neovascularization, the formation of new blood vessels, is a fundamental part of tissue formation and repair involving two distinct morphogenetic processes: vasculogenesis and angiogenesis (Fig. 1A). Vasculogenesis denotes the de novo formation of blood vessels from mesodermal-derived precursor cells called angioblasts. The differentiation of angioblasts into endothelial cells and their subsequent assembly into a new primitive blood vessel network mainly occurs during embryonic development. Initially described to take place in the yolk sac of the developing mouse embryo, it became clear that blood vessel initiation by vasculogenesis independently occurs at both intra-embryonic and extra-embryonic sites of the embryo1. Interestingly, circulatory endothelial progenitor cells have been shown to enable vasculogenesis 
in the adult organism where they could play a significant role in tissue repair and regeneration2-4. Although relatively limited information on the molecular mechanism of vasculogenesis is available, 
genetic ablation studies showed that fibroblast growth factor (FGF)-2, bone morphogenetic protein (BMP)-4, and vascular endothelial growth factor (VEGF) are centrally involved in the process of vasculogenesis5. In contrast, angiogenesis is the formation of new blood vessels from preexisting ones and occurs throughout the whole lifespan. Sprouting angiogenesis describes the branching of endothelial cells from existing blood vessels due to the local environment’s provision of angiogenic signals6-8. Intussusceptive angiogenesis occurs from the formation of pillars in the inside of preexisting capillaries resulting in their longitudinal division “within itself”9. However, molecular mechanisms leading to intussusceptive angiogenesis remain largely obscure.Under homeostatic conditions small-caliber blood vessels are composed of an endothelial cell tube and perivascular cells. In this constellation, endothelial cells are quiescent and form stable interactions with each other and with a specialized ECM layer, the basement membrane10. Upon metabolic demand or hypoxic conditions pro-angiogenic molecules, such as VEGF, FGF, platelet derived growth factor (PDGF)-BB, stromal cell-derived factor (SDF)-1α and Angiopoietin (ANG)-2 become available in the local environment and cause the proteolytic remodeling of the vessel basement membrane, the destabilization of endothelial cell-cell contacts, and the extravasation of blood plasma proteins that contribute to the formation of a provisional ECM11-13. Interestingly, 
inflammatory cells upon injury establish quite similar angiogenic growth factor milieus. Subsequently, some endothelial cells via VEGF receptor (VEGFR)-2 and VEGFR-3 mediated 
signaling acquire a tip cells phenotype, become motile, and form filopodia14, 15. Tip cells upregulate the delta-like ligand (DLL)-4 that binds to the Notch receptor of neighboring endothelial cells where it suppresses the expression of VEGFR-2 and VEGFR-3 and promotes the expression of VEGFR-115. As a consequence of the changed VEGFR expression, these cells become less responsive to VEGF-signals and exhibit a stalk cell phenotype showing stronger proliferation and the initiation of lumen formation. To form new vascular networks two tip cells undergo anastomosis, which is 
initiated by filopodia contacts and results in the fusion of different endothelial sprouts.
Chapter I
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Primitive endothelial tube maturation into mature vessels is initiated by the recruitment of perivascular cells that ultimately enwrap the endothelial tubes. Perivascular cells are of 
mesenchymal origin and classified as pericytes or vascular smooth muscle cells depending on their localization to small or large vessels, respectively16, 17. Among the factors known to play an important role in the recruitment, proliferation, and differentiation of perivascular cells are 
PDGF-BB, ANG-1, and transforming growth factor (TGF)-β. Due to their stabilizing and regulating role, perivascular cells are generally considered as vascular support cells. Additionally, debate continues over whether perivascular cells are mesenchymal tissue progenitor cells since these cells also reside in the perivascular microenvironment of blood vessels18-24.Angiogenesis is a partially overshooting process and endothelial cells become calmed by perivascular cells once in contact. However, overproduced or redundant vessels need to be pruned. 
The main cause of vessel regression is interrupted blood flow25-27. Mechanistically, upon lumen collapse vessel regression is achieved by increased apoptosis or migration of endothelial cells27-30. However, and conversely, the lumen collapse during vessels regression has also been shown to be the consequence of endothelial cell apoptosis31. Furthermore, the finding that perivascular cells are actively involved in vessel pruning supports the idea that vessel regression is not a passive process32. Remarkably, vessel formation and vessel pruning can occur simultaneously within the same vascular network33.
Extracellular matrix as template for neovascularization during tissue repair Neovascularization is crucial to tissue development and homeostasis. Hence, neovascularization is also key to wound healing and tissue repair. The pivotal step of blood vessel establishment during wound healing is the recruitment of participating cells into the defective tissue. This cell recruitment requires a supportive matrix, which is established during the initial steps of wound 
healing by the release of fibrinogen, plasma fibronectin, and platelets from leaky blood vessels. The 
resulting fibronectin and platelet enriched fibrin clot acts as a temporary matrix for early healing 
promoting factors and supports the infiltration of cells34. Subsequently, mobilized neutrophils and macrophages release growth factors into the matrix. Importantly, several angiogenic growth 
factors, such as VEGF-A, FGF-2, and PDGF-BB can bind to fibrin and fibronectin and thereby render the wound matrix a growth factor presentation platform35-39. This angio-competent milieu attracts endothelial, perivascular, and stromal cells that, by secretion of cellular fibronectin and 
fibrillar collagen, remodel the initial fibrin clot into a provisional matrix. During tube formation, endothelial and perivascular cell types start to lay ECM components around the blood vessels and thereby establish the basement membrane of mature blood vessels. The main components 
of the basement membrane are collagen type IV, laminins, nidogens, fibronectin, and perlecan. However, many more ECM components, such as collagen type XV and XVIII and glycosaminoglycans contribute to the basement membrane40, 41. Besides providing structural and physical support to cells, the vascular ECM acts as a pro-angiogenic signal transducer. The ECM composition itself exerts an instructive role for vascular development covering, e.g., early endothelial lumen formation, endothelial quiescence, and 
Chapter I
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mature vessel stabilization10, 40, 42, 43. On the other hand, the anti-angiogenic effects of collagen IV, XV, and XVIII cleavage products actively regulate blood vessel formation and stability40, 44. Since neovascularization is strongly associated with the dynamic remodeling of the ECM, enzymes that disintegrate ECM components are key regulators of neovascularization. Plasmin and the members of the large matrix metalloproteinase (MMP) family are proteases able to cleave ECM proteins. This proteolytic ECM breakdown enables three fundamental processes: 1) disintegration of the basement membrane and cell-cell junctions resulting in breakout of endothelial and perivascular cells, 2) liberation of angiogenic growth factors from their ECM storage, and 3) turnover and maturation of the ECM during vessel formation and maturation. But, to achieve a strictly controlled degradability-stability equilibrium, the proteolytic activity of both plasmin and MMPs is controlled by direct counterparts, such as alpha 2-antiplasmin and tissue inhibitors of metalloproteinases (TIMP). 
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Figure 1: Engineering neovascularization in hydrogels inspired by the template function of the extracellular matrix (ECM) during blood 
vessel development and maturation. A) The establishment of new blood capillaries occurs through vasculogenesis and angiogenesis in an 
angio-competent milieu generated by growth factors and the ECM. B) Tools for vascular engineering derived from the natural processes of 
blood vessel development include vascular cells, growth factors, and ECM-inspired hydrogel scaffolds. Hydrogels can be engineered from 
natural ECM components or synthetic ECM analogues. C) Hydrogel-based strategies to generate new functional vascular networks in vivo. 
Pre-vascularization follows the concept of engineering vascular networks within hydrogels in vitro by the application of endothelial cells that 
self-assemble into micro-capillary networks. Upon transplantation, pre-vascularized hydrogel constructs can anastomose to the host vascu-
lature and become perfused. In an alternative strategy, the delivery of soluble, matrix bound, or on demand releasable angiogenic growth 
factors can promote the formation of new vessels in situ.
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Hydrogels for vascular engineering
Vascular-deficient tissues can be treated by either the delivery of angiogenic growth factors or the transplantation of pre-vascularized tissues. While the delivery of growth factors builds on the individual´s endogenous vascularization potential, the transplantation of pre-vascularized tissues is applicable even if the wound-healing cascade is strongly impaired. Looking at the natural processes of blood vessel development and regeneration, vascular engineering minimally requires angiogenic growth factors or vascular cells in combination with adequate 3D scaffolds (Fig. 1B). Although completely scaffold-free strategies exist (e.g., spheroid or cell sheet technology45-47), most vascular engineering strategies require appropriate scaffolds that enable the transport of growth factors or cells and provide a 3D matrix for blood vessel (in)growth and formation (Fig. 1C). Hydrogel materials have become valuable 3D scaffolds for vascular engineering since they share many features with the natural ECM, including high water content and viscoelastic properties. Naturally occurring or synthetic polymers that are hydrophilic and form interconnected networks by physical interactions or chemical bonds can form hydrogels. By controlling the chemical properties of the polymer, its initial concentration and the distance between molecular interactions in the network, hydrogel parameters, such as stiffness, swelling, and pore size can be readily adapted48, 49. To date, a variety of biocompatible, natural, or synthetic ECM-mimicking hydrogels are commercially available for a broad spectrum of users (see Caliari and Burdick50). Many of these hydrogel systems can be used to engineer pre-vascularized tissue constructs in vitro prior to in vivo implantation by drawing the evolutionary memory of endothelial cells to assemble into micro-capillary networks when co-cultured with perivascular or other mesenchymal cells.
Natural ECM hydrogels and modified ECM protein-based (semi-synthetic) hydrogelsThe main class of hydrogel materials directly derived from natural ECM is protein polymers. Protein polymers’ great advantage is their intrinsic bioactivity, which includes the provision of cell adhesion and proteolytic degradable sites. Moreover, the application of ECM protein polymers has a long tradition in vascular biology and existing knowledge of this materials class is profound. 
Pioneering work in the 1980s from Nicosia et al. and Montesano et al. showed that fibrin and collagen type I hydrogels can host micro-capillary-like structures ex vivo51-55. Based on this early work, ECM protein-based hydrogels have become the most widely used scaffold materials for vascular engineering. 
The first matrix vascular cells encounter during vascularization in vivo is fibrin. Fibrin hydrogels 
result from the enzymatic activation of fibrinogen by thrombin, followed by terminal factor XIIIa-
mediated, enzymatic cross-linking. In vitro, fibrin hydrogels are suitable templates for endothelial and mesenchymal cells, which under appropriate co-culture conditions readily form micro-capillaries. Studies from different labs have proven that such in vitro established pre-vascularized 
fibrin constructs connect (inosculate) to the host vasculature when transplanted into mice56-60. Importantly, one study provided experimental evidence for the general assumption that an in 
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vitro pre-vascularization step is indeed beneficial over only cell delivery (Fig. 2)56. Collagen type I is part of the interstitial ECM and has the intrinsic capacity to self-assemble into hydrogels under physiological conditions. In a seminal series of in vitro studies, Davis and co-workers have shown that collagen hydrogels allow for the formation of 3D micro-capillary networks by endothelial and perivascular cells61-65. Other studies showed that capillaries engineered within collagen hydrogels successfully inosculate after in vivo implantation66-70. However, native collagen hydrogels might miss the optimal degradability-stability equilibrium since the low collagen concentrations suitable for 3D culture of micro-capillary networks result in mechanically weak scaffolds. To overcome 
this dilemma, collagen hydrogels have been modified by plastic compression71-73 or by chemical 
modifications as discussed below. 
To combine their cell-instructive and biocompatible features with desired mechanical properties, 
natural ECM components can be tuned by chemical modifications. The resulting semi-synthetic 
biomaterials are beneficial, especially when using highly proteolytic cells as is the case in vascular engineering. In this regard, a photo-cross-linkable collagen-poly(ethylene glycol) (PEG) hybrid material, in which the mechanical properties could be increased independently of the material density, has been developed74. Within this collagen-PEG hydrogel micro-capillary networks can be generated. Another promising and widely used ECM-based material is gelatin, which is derived from collagens by hydrolytic breakage. Like its mother material, gelatin can form physical hydrogels of quite weak mechanical properties. Unfortunately, gelatin hydrogels are just stable below 37 °C, which makes them inappropriate as independent scaffolds. However, methacrylic 
anhydride modification renders gelatin into photo-cross-linkable gelatin methacrylate (GelMA) hydrogels of excellent tissue engineering properties75-77. Using GelMA as vascularization scaffold, micro-capillary networks that anastomose with a murine host can be achieved either through 
Figure 2: Pre-vascularization of fibrin hydrogels leads to the rapid anastomosis of engineered micro-capillaries with the host vasculature. A, 
B) Micro-capillaries were engineered in vitro by the co-culture of human fibroblasts with human umbilical vein endothelial cells (HUVEC) in fi-
brin hydrogels. Pre-vascularized tissue (A, 7 days in vitro pre-culture) was perfused by host blood cells more rapidly than non-pre-vascularized 
tissue (B, 1 day in vitro pre-culture) upon implantation. C) HUVEC-cultures in the absence of supporting fibroblasts do not form perfusable 
structures. Histological tissue sections from 3–14 days post-implantation, with red blood cells being evident in the pre-vascularized tissue 
starting at day 5 post-implantation. MT, mouse tissue; IT, implant tissue. Scale bars: 100 µm. Adapted figure reproduced from Chen et al.56 
with permission from Mary Ann Liebert, Inc.
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in vitro pre-vascularization or subcutaneous injection of polymerizing hydrogel precursors and vascular cells78, 79. These studies clearly demonstrate the benefits of chemically modified ECM polymers because the bioactivity of gelatin allowed for micro-capillary network formation and the photo-cross-link mechanism for stable material properties. 
Modified GAG-based (semi-synthetic) hydrogels and PEG-based (synthetic) hydrogels
While natural and chemically modified ECM protein-based hydrogels are excellent substrates for the culture of vascularized tissues, they exhibit inherent materials properties. To gain further control over materials properties, carbohydrate-based materials, such as glycosaminoglycans 
(GAG) serve as the basis for hydrogel engineering. Upon modification with cross-linkable chemical 
groups, GAG hydrogels can be produced with defined physical properties. Although GAGs as components of the natural ECM are known to be degraded by enzymes, to bind growth factors and 
to interact with cell-surface receptors, their modification with additional biologically functional modules, such as small peptides or protein domains is key for vascular engineering. As we can learn from hyaluronic acid (HA), two biological features from the natural ECM are required to turn these semi-synthetic scaffolds into cell-friendly hydrogels for neovascularization: sites for integrin-
dependent cell adhesion and sites for proteolytic remodeling. Indeed, acrylated HA when modified with the cell-adhesion peptide arginine–glycine–aspartic acid (RGD) and polymerized by a thiol-cross-linker containing MMP-sensitive peptides results in a bioactive hydrogel, which allows cell adhesion and proteolytic remodeling80. These HA hydrogel modifications are sufficient to enable in vitro formation of micro-capillary networks that upon in vivo transplantation anastomose with the host vasculature81-84. Not surprisingly, hybrid hydrogels built by the cross-linking of the GAG heparin and poly(ethylene glycol) (PEG) can host micro-capillary networks when biologically 
modified by RGD and MMP-sensitivity85, 86. However, in contrast to HA hydrogels, heparin-based hydrogels through the high abundance of sulfate groups and the resulting negative charge enables 
the affinity binding of various growth factors.We have seen that hydrogels derived from naturally occurring ECM components are suitable scaffolds for vascular engineering, and that they can be engineered within a certain range towards desired functions. Reverse engineered synthetic hydrogels aim to mimic the natural ECM but rely on fully controlled design and synthesis87-90. Since manufactured from scratch, synthetic hydrogel materials can be seen as blank slates free of animal products and confounding biological factors, 
per se. Conceivably, in these initially cell-inert synthetic materials biological modifications are essential to render them cell-friendly and biologically functional. Interestingly, it seems that the minimalistic approach of facilitating cell adhesion by RGD and matrix remodeling by MMP-sensitive 
peptides is generally sufficient for micro-capillary network formation in synthetic hydrogels. Although these materials are still less used than natural ECM hydrogels, some work proving the potential of synthetic hydrogels for vascular engineering has been reported within the last decade. Hydrogels exclusively composed of PEG allow neovascularization in vitro and in vivo when RGD sites and MMP-sensitivity optimized the material. In this regard, several studies showed that co-culturing of endothelial and mesenchymal cells in PEG hydrogels is a promising approach for the 
formation of 3D pre-vascularized scaffolds with fully defined properties91-94. 
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Controlled delivery of vascular endothelial growth factor by hydrogel immobilization In vitro engineered vascular networks hold great promise to become transplantable functional tissue units. However, their production relies on the expansion of autologous cells under complex production environments and is labor- and cost-intensive. By contrast, the concept of therapeutic angiogenesis builds on the idea that upon proper stimulation with key pro-angiogenic factors, the body´s innate angiogenic program initiates the formation of new vessels. Early therapeutic angiogenesis attempts, conducted by the infusion of plasmid DNA encoding the expression VEGF or recombinant VEGF proteins into various tissue sites as well as into blood vessels, showed promising results in preclinical studies that could not be reproduced in clinical trials95. To improve therapeutic angiogenesis by at least partially localized delivery, hydrogels with no or weak 
affinities for growth factors were employed for release by passive or slowed-down diffusion96. In recent years, multiple sophisticated strategies that enable the tailoring of growth factor release 
towards specific requirements have been developed (for a comprehensive review see Briquez et al.97). Here, we look at examples of VEGF delivery to demonstrate how hydrogel and growth factor engineering can boost the response of angiogenic growth factors. 
 An elegant strategy to functionalize fibrin hydrogels with growth factors has been developed by 
emulating the factor XIII (FXIII)-mediated cross-linking taking place in native fibrin. In detail, a short peptide sequence (NQEQVSPL) responsible for linking α2-plasmin inhibitor to fibrin allows 
the covalent XIIIa-mediated binding of growth factors to fibrin when fused to the N-terminus of growth factors or peptides98, 99. Resulting growth factor-modified fibrin hydrogels enable the release of their growth factor payload upon cell-mediated matrix degradation. Applying 
this engineering approach in vivo resulted in an improved angiogenic performance of fibrin-immobilized as compared to freely diffusible VEGF121 (Fig. 3A)100-102. However, a considerable 
downside of fibrin hydrogels is their relatively fast degradation kinetics in vivo, resulting in the robust induction of new vessels that are not stabilized and regress due to the short duration of 
Figure 3: In situ neovascularization by engineered, hydrogel-immobilized VEGF delivery. A) Skin vascularization response to fibrin hydrogels 
containing no VEGF (control), soluble VEGF, or engineered, fibrin-immobilized VEGF. Although the immobilized VEGF outperforms soluble 
VEGF, the vascularization response decreases as the fibrin hydrogel becomes degraded over time. Reproduced from Largo et al.102 with per-
mission from the Royal Society of Chemistry. B) Improvement of fibrin-immobilized VEGF treatment by aprotinin engineered, long-lasting 
fibrin hydrogels. No VEGF (control) or engineered, fibrin-immobilized VEGF (0.5 μg/mL and 5 μg/mL) were compared in a hindlimb ischemia 
mouse model. Fibrin hydrogels used for the delivery were stabilized by fibrin-immobilization of the fibrinolysis inhibitor aprotinin. Tissues 
analyzed 4 weeks after hydrogel delivery for endothelial cells (CD31, in red), pericytes (NG2, in green), and smooth-muscle cells (α-SMA, in 
cyan, scale bar: 20 μm) or for microcirculation by Laser-Doppler-Imaging of non-ischemic and ischemic limbs (left and right legs, respectively). 
Figure reproduced from Sacchi et al.105.
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VEGF-treatment102. Although this material´s degradability-stability equilibrium related problem 
could be partially addressed by changing the fibrin amount, conceivably a higher material density is negatively correlated with vascular morphogenesis103, 104. Therefore, degradation-resistant and 
VEGF-releasing fibrin hydrogels were engineered by modifying fibrin with the covalently bound 
fibrinolysis inhibitor aprotinin and VEGF164 at the same time (Fig. 3B). These long-lasting fibrin hydrogels enable a cell-demanded, continuous, and slow release of VEGF164 and were shown to induce the formation of lasting blood vessels in skeletal muscles and to improve the perfusion of 
ischemic hind-limbs and skin flaps in mice105.Another way of controlling the stability of growth factor releasing hydrogels is to engineer them 
from the bottom-up using defined components. The degradability of synthetic PEG hydrogels, for instance, can be tailored by introducing peptide sequences with variable sensitivities for the proteolytic degradation by MMPs and Plasmin106, 107. For in situ vascularization, different VEGF-variants were immobilized to cell-free, MMP-sensitive PEG hydrogels and liberated by host cells108, 109. These studies showed that for synthetic hydrogels, bound VEGF outperformed soluble VEGF in inducing neovascularization in vivo in a qualitative as well as quantitative way.
Current efforts to immobilize growth factors to hydrogels are directed towards more flexible engineering strategies. On the one hand, the binding of various native growth factors could be 
achieved by modifying hydrogels, for example with fibronectin domains, fibrinogen derived peptides, or heparin110-112. On the other hand, growth factors were engineered with affinities such that they bind to hydrogels comprising ECM-components, streptavidin, or barnase113-115. 
Limitations of current hydrogel-based vascularization strategies Despite tremendous progress in hydrogel-based vascularization strategies, major problems have emerged from the application of hydrogels as scaffolds for vascularized tissues. So far, except for skin, which is a relatively thin tissue, only small-size constructs have been successfully pre-vascularized and implanted in vivo, due mostly to limitations in fabrication techniques and the soft material properties of cell-friendly hydrogels. Nevertheless, soft hydrogels can be applied as a gelatinous cell carrier solution within porous and solid scaffolds. For instance, endothelial 
and perivascular cells can be suspended in fibrinogen or matrigel solutions and poured into macroporous sponges prior to gel polymerization. Applying this technique in poly(lactic-co-glycolic acid)/poly(L-lactic acid) co-polymers-based sponges facilitated the establishment of pre-vascularized capillary networks, which were shown to anastomose in vivo116, 117. Although overcoming the stability problems of soft hydrogels, such a scaffold-in-scaffold strategy still relies on the “spontaneous” self-assembly of mono-dispersed cell mixtures, which per default result in micro-capillaries with diameters of about 10 µm. However, clinical relevant tissue constructs of large size require large-caliber vessels as well. For therapeutic angiogenesis, a substantial repertoire of angiogenic growth factors is known today. However, knowledge on the spatiotemporal availability and dynamics of growth factors (often described as 4th dimension) in tissues is still quite limited and remains a major challenge. Although it is widely accepted that growth factors appear in gradients resulting from diffusion and 
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binding to the ECM, the characteristics of these growth factor gradients are highly complex, tissue-
specific, and therefore difficult to determine. Furthermore, for the engineering of specific tissue factors controlling vascularization as well as factors directing differentiation need to be present 
at the same time. Hence, potential cross-talks between angiogenic and tissue specific signals and cells need to be considered.
Novel (hydrogel-based) technologies for vascularized tissue models 
In vascular biology, much knowledge has been generated using various well established in vivo evaluations and transgenic animal models118, 119. Additionally, cellular and molecular mechanism controlling capillary architecture, morphogenesis, and EC-perivascular cell communication have been dissected in 3D in vitro systems using natural ECM hydrogels. Furthermore, engineered micro-capillary networks or molecules with blood vessel-modulating functions have been delivered in vivo using hydrogels. Yet, large-caliber vessels are still missing in current pre-vascularization systems. Furthermore, while angiogenesis inhibitors proved successful for the treatment of ocular vascular diseases, their use for cancer treatments in many instances did not lead to the targeted effects120, 121. The study of basic vascular biology, the development of novel therapeutic strategies, and the 
establishment of in vitro platforms for personalized therapies will benefit from physiologically relevant and reproducible 3D tissue models. Since novel materials and manufacturing technologies are key to achieve such models, we will discuss their impact on the generation of vascularized tissue models in the next sections.
Synthetic hydrogel materials to study basic vascular biology 
The American Heart Association states that collagen type I and fibrin hydrogels are the gold standard materials for 3D in vitro vascular biology assays122. Indeed, these systems have provided invaluable insight into the morphogenesis of blood vessel capillaries. However, biological 
outcomes might be influenced by ECM hydrogel properties. In contrast, semi-synthetic and synthetic hydrogels enable study of the function of ECM components on vascular morphogenesis 
and signaling in the absence of confounding ECM signals. Such defined conditions will further allow control over growth factor presentation and the evaluation of growth factor gradients, for example during sprouting angiogenesis and pericyte recruitment123. The in vitro recapitulation of angiogenic processes under controlled matrix and growth factor presentation conditions will be important to the study of spontaneous morphogenic processes and associated molecular and biochemical functions. A recent publication shows the adequacy of fully synthetic hydrogels to provide insights into the heterocellular communication between perivascular and endothelial cells124. Moreover, in synthetic hydrogels established vascular models could provide a platform to manipulate morphogenic processes by using sophisticated and ideally remotely controllable cells and materials components as they are becoming available125, 126. For example, cells that upon 
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chemical-, temperature-, or light-mediated activation induce the expression of angiogenic stimuli, receptors, or even cell-cell adhesion molecules could be used to study cellular communication during vessel formation and remodeling. Furthermore, hydrogels whose stiffness, cell adhesion, or growth factor binding properties can be modulated by light could serve to control the local activation of sprouting angiogenesis. 
Vascularized models of specific types of tissues 
Vessel properties vary among different tissues and reciprocally vessels can influence the development and function of tissues. Therefore, vessel functions should be studied in tissue 
specific models consisting of multiple properly arranged and differentiated cell types. Since they 
are relatively simple in structure, dermo-epidermal tissue models were among the first engineered differentiated tissues with an established functional vascularization58, 59. However, in tissues with high structural complexity, the localization of growth factor stimulation relies on a spatial patterning to prevent a potential interference of different signaling cues. The need for the spatial separation of growth factors has been shown in engineered bone and bone marrow mimicking environments, as they require at least two different growth factors94. While the osteogenic signal BMP-2 directed mesenchymal progenitor cells towards osteogenic commitment, FGF-2 supported the maintenance of an undifferentiated phenotype. Since in this system both factors promote the formation of a 3D micro-capillary network, the localized presentation of the factors could be used to study vascular functions responsible for the maintenance of hematopoietic stem cells in their bone marrow compartment.  
Vascularized cancer models 
Cancer is known to continuously promote angiogenesis and to benefit from excessive vascularization. Therefore, the inhibition of angiogenesis was considered as a strategy to reduce cancer progression. Surprisingly, the treatment of cancer patients with VEGF inhibitors in many instances did result only in the minimal extension of progression free survival127. The cause of 
limited treatment efficiency can be manifold and includes the compensation of treatment effects through non-angiogenic mechanisms. Nevertheless, mechanisms also related to angiogenesis, such as the co-option of preexisting vessel structures or the compensation for the lack of one angiogenic cue by the upregulation of another cue, are currently seen as important aspects to be carefully studied. Moreover, within the last decade, the dogma of vascularization-based cancer treatment has shifted from the inhibition of blood vessel formation to a normalization of the structurally and functionally aberrant cancer induced blood vessels128. Due to the enormous need for meaningful in vitro screening assays, 3D models of cancer have become one of the fastest growing research topics in both cancer biology and tissue engineering. Since angiogenesis is one of the hallmarks of cancer, vascularization has been integrated into engineered 3D cancer models. 
While first vascularized cancer models were established in naturally occurring ECM hydrogels, models engineered in semi-synthetic and synthetic hydrogels are now becoming available and have the potential to give rise to highly structured, vascularized tumor environments129-133. 
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Manufacturing channels in hydrogels to engineer large-caliber vessels 
Vascular engineering can benefit from novel biofabrication techniques, such as bioprinting, micro-molding and lithography, in moving towards the development of larger diameter vessels. By applying these techniques, hydrogel materials that contain imbedded channels of several hundred micrometers can be obtained. Subsequently, the created channels can be lined by endothelial cells and can serve as potential access sites for perfusion. For example, Bertassoni et al. have molded channels into stiff GelMA and PEG hydrogels using agarose rods and seeded the channels with endothelial cell suspensions after removing the rods134. In two other studies, gold rods coated with oligopeptides and ECs have been used to couple channel creation and endothelialization. After hydrogel formation, the endothelial cells were electrochemically transferred from the gold rod to the hydrogel and thereby formed an endothelialized channel135, 136. Another strategy to establish endothelialized channels is to combine micro-molding and additive manufacturing as excellently shown in collagen hydrogels137, 138. The general concept of leaving behind a channel in hydrogels can also be implemented by printing temperature dissolvable materials into temperature stable hydrogels and release them on demand by an adequate temperature shift139-141. To save labor, channels can be created in hydrogels by laser-based photo-ablation of the bulk hydrogel material, a technique that renounces molding and allows for high spatiotemporal control over the channel design142. Independent of the fabrication method and the employed material, the channel-based vascularization concept holds great potential for tissue engineering applications. But, the transfer of big channels to in vivo applications remains to be realized.
Microfluidic technology for the perfusion of vascularized tissue models Today, most vascularization models are still based on non-perfused micro-capillary networks. 
Factors that control flow-mediated vessel maturation and remodeling are not accessible in non-perfused systems and consequently cannot be studied. Additionally, drugs distributed using the vasculature cannot be the tested in non-perfused systems. Therefore, novel vascularization models 
build on the formation of 3D vascular structures in microfluidic devices, which can be perfused with cell culture medium and permit the testing of pro- and anti-angiogenic compounds. Large 
channels can be formed, as we discussed above, and connected to microfluidic devices. When such 
microfluidic channels are fused with micro-capillary networks the whole engineered vascularized model can be perfused143-146. Conceivably, the dominant field in microfluidics perfused tissue models is cancer147. In this regard, vascularized microtumors (VMT) have been generated in hydrogels148, 149. When such VMT models were connected to perfusion, they allowed for the efficient screening of anti-cancer drugs that are affecting the microtumors as well as the tumor vasculature (Fig. 4). Furthermore, the combination of large vascular structures with self-arranged micro-capillaries would allow for the formation of hierarchically organized vascular trees. 
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Outlook: Standardized platforms for drug screening and personalized medicine The above-described approaches to engineer vessel models are mainly designed to gain insight into physiological and pathological tissue functions. By using human cells, engineered vessel models avoid species-related false positive and negative results and therefore are interesting alternatives to preclinical animal models. However, to speed up the development of novel vascular drugs, the integration of vessel models with reproducible high throughput platforms is required. The 
potential benefit of such platforms was recently shown by using induced pluripotent stem cells and PEG hydrogels150. Since similar assays could be run with adult stem or induced pluripotent stem cells derived from healthy or diseased human individuals, these assays can also help to bring 
forward personalized medicine in the field of vascular diseases.
Figure 4: Perfused vasculature on-a-chip model as potential cancer and drug screening platform. A) Vascular networks formed by co-culture 
of human endothelial colony forming cells (ECFC-EC) and human fibroblasts in fibrin hydrogels. Vascular networks inside the three tissue 
chambers connect to microfluidic channels and can be perfused (70 kDa FITC-dextran). B) Vascularized microtumors (VMTs). HCT116 cancer 
cells were embedded together with endothelial/fibroblast co-cultures into fibrin hydrogels and grow into microtumors surrounded by per-
fused vascular networks. Scale bars A, B: 100 μm. C) VMTs used for anti-cancer drug screening. The collapse of the tumor (vasculature) can 
be monitored upon treatment with FDA-approved anti-cancer drugs. Scale bars: 50 μm. Adapted figure reproduced from Phan et al.148 with 
permission from the Royal Society of Chemistry.
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SummaryEngineered pre-vascularized tissues and the delivery of angiogenesis promoting or inhibiting therapeutics are promising approaches to treat diseases related to malfunction of the vasculature. Additionally, emerging vascularized tissue models (summarized in Fig. 5) enable the study of basic vessel biology under near-physiological and pathology mimicking conditions in vitro. If scalable, vascularized tissue models would allow screening for therapeutic compounds under controlled and highly standardized conditions. The development of next-generation vascularized 
tissues critically depends on hydrogel systems tailorable towards cell-specific functions and compatible with innovative (micro)-manufacturing technologies. Therefore, the development of novel clinically translatable vascular treatments as well as personalized tissue models require the continuous integration of knowhow from basic vascular biology, hydrogel engineering, biofabrication, and medical needs. 
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Figure 5: Engineering of vascularized tissue models using hydrogels. Vascularized tissue models largely depend on engineered hydrogel-
based, cell-instructive microenvironments. The culture of adult (stem) cells in these cell-instructive microenvironments enables the study of 
basic vascular biology under defined in vitro conditions. Engineering physiologically relevant human tissue and cancer models requires the 
integration of knowhow from vascular biology and biofabrication techniques. In the future, the use of defined 3D culture systems together 
with patient derived cells will allow for the screening of therapeutics and the testing for treatment towards personalized medicine.
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Chapter II: 
Notch-inducing PEG-hydrogels mimic the extracellular matrix switch 
of MSCs in the perivascular microenvironment
The content of this chapter is prepared for submission as full article with the following co-authors: U. Blache, Q. Vallmajo-Martin, E.R. Horton, J. Guerrero, V. Djonov, A. Scherberich, J.T. Erler, I. Martin, J.G. Snedeker, V. Milleret and M. Ehrbar 
Abstract 
Mesenchymal stem cells (MSCs) are debated to reside in the perivascular microenvironment of blood vessel capillaries. However, the fate of MSCs in the perivascular microenvironment as well as factors controlling their fate is not understood. Here, we engineered synthetic poly (ethylene glycol) PEG-based hydrogels for the growth of capillaries by endothelial cells and MSCs in extracellular matrix (ECM)-free biomaterials in vitro. Transcriptome analysis of human bone marrow-derived MSCs, when isolated from engineered micro-capillaries, showed a prominent switch in ECM production of vascular basement membrane components and perivascular differentiation, including Notch signaling. Interestingly, functionalization of PEG-hydrogels with Notch-activating Jagged1 could recapitulate the ECM phenotypic switch of MSCs in the absence of endothelial cells, further demonstrating direct cell-cell dependent, Notch-induced ECM remodeling by MSCs. This work demonstrates an interesting loop approach, in that biomaterials-based tissue mimetics serve to obtain novel biological knowledge, which immediately reinstructs the design of biomaterials. 
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Introduction
Blood vessels consist of an inner endothelial cell layer and a surrounding wall of perivascular cells 
(mural cells). Perivascular cells are sub-classified into vascular smooth muscle cells or pericytes by their distribution to either large-caliber vessels or micro-capillaries, respectively16, 17. During the formation of new blood vessels, perivascular cells are recruited by endothelial cells and contribute to the stabilization and regulation of newly formed endothelial capillaries (Fig. 1A). Due to this stabilizing function, perivascular cells are considered as endothelial cell supporters. Interestingly, the perivascular microenvironment of endothelial capillaries within different tissues has been proposed to potentially function as a reservoir for mesenchymal stem/progenitor cells (MSCs)18-21, 23, 151, 152. This has led to the hypothesis that MSCs and perivascular cells are closely related, or may even be considered as equivalent cell types. In support of this hypothesis, a sub-fraction of human MSCs, characterized by their expression of CD146, has been shown to home to the perivascular niche of the bone marrow and self-renew20. However, how MSCs adapt to the perivascular environment has not been addressed comprehensively, mainly due to the lack of MSC-specific 
markers allowing for cell tracing experiments and difficulties in specifically manipulating cells within their perivascular niche in vivo153. Therefore, in vitro models are required to systematically 
address the regulation of MSCs in a defined perivascular microenvironment. In vitro, MSCs comparable to perivascular cells can act as vascular support cells and have been successfully used for blood vessel engineering within natural ECM hydrogels69, 154-158. However, 
the elucidation of specific microenvironmental signals in ECM hydrogels remains difficult due to inherent bioactivities. The influence of individual niche determinants on MSC function and behavior has been investigated by engineering 2D cell substrate materials towards stiffness, the presentation of cell-cell or cell-ECM adhesion ligands and by controlling cell shape and spreading159-164. However, to mimic native cell niches, 3D microenvironments with application-
specific and systematically tailored properties are required165. Fully synthetic materials, such as poly (ethylene glycol) (PEG)-based or hyaluronic acid (HA)-based hydrogels50, 89, 166, can be 
generated with defined physical and chemical properties and provide reproducible and tunable 
platforms for the creation of defined cell microenvironments. These synthetic materials provide 3D scaffolds suited to mimic developmental processes as recently demonstrated for the promotion of angiogenesis, neural tube formation, epithelial cyst formation and culture of small intestine organoids91, 167-171. To specifically control the fate of MSCs in engineered 3D microenvironments, stiffness and degradability as well as the presentation of matrix-immobilized small molecules and growth factors have been engineered in synthetic hydrogels115, 172, 173. However, there is still a lack of basic knowledge on MSC function and commitment within the perivascular niche, and how this niche might be successfully mimicked by a minimal synthetic microenvironment. Thus, identifying key factors of the communication with a disparate cell population, such as occurs in the perivascular niche between MSCs and endothelial cells, could help the rational engineering of 
highly defined synthetic microenvironments that control the fate of MSCs.Here, we engineer 3D perivascular microenvironments within PEG-hydrogels to control and 
determine the fate of MSCs in a fully defined environment that closely mimics their native niche 
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(Fig. 1B). We show this synthetic system can promote ECM deposition from human bone marrow 
MSCs, which defines the cellular microenvironment and MSC-matrix interactions required immediately after cell embedment. In co-culture with human endothelial cells, we describe that 
MSCs behave as perivascular-like cells and efficiently support the formation of endothelial micro-capillaries as a function of PEG-hydrogel stiffness. Furthermore, we show that MSCs together with endothelial cells become embedded within a dense perivascular ECM that consists of multiple matrix components. Unbiased transcriptome analysis of perivascular MSCs demonstrated a prominent switch in the production of basement membrane ECM and Notch signaling compared to control MSCs. In the absence of endothelial cells, we recapitulated the induction of the perivascular MSC phenotype by engineering PEG-hydrogels with the Notch-activating ligand Jagged1. These 
remarkable findings demonstrate the potential of synthetic hydrogels to be specifically engineered to create perivascular microenvironments that mimic endothelial cell-derived signals, enabling 
the identification of mechanisms of perivascular lineage commitment of MSCs under defined conditions.  
Results
MSCs rapidly modify engineered microenvironments with their own ECM3D microenvironments were engineered by enzymatically cross-linking star-shaped 8-arm PEG precursor molecules that are end-functionalized by substrate-sequences for FXIIIa (Fig. 1B) 174, 
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Figure 1: Engineering perivascular microenvironments to study their role in MSC commitment. A) Schematic representation of the recruit-
ment of perivascular cells during blood vessel formation by endothelial cells (EC). B) Schematic of synthetic, FXIIIa cross-linked PEG-hydrogels 
containing the integrin adhesion ligand RGD and MMP-sensitive sites, and their usage for the engineering of perivascular microenvironments. 
These ECM-free modular designed PEG-hydrogels enable the defined co-culture of MSCs and endothelial cells, resulting in the cell-autono-
mous establishment of micro-capillaries containing perivascular localized MSCs.
A
B
Chapter II
21
175. A matrix metalloproteinase (MMP)-sensitive degradation domain in one of the precursor molecules and the simultaneously cross-linked integrin-adhesion peptide RGD render this synthetic environment bioactive. To address the contribution of human bone marrow MSCs (BM-MSCs) to the engineered microenvironment, we embedded BM-MSCs in PEG-hydrogels and selectively visualized deposited cell-derived ECM components by immunostaining without cell membrane 
permeabilization. We found BM-MSCs weave a fibrillar meshwork of structural ECM proteins into the surrounding environment within 7 days (Fig. 2A). This cell-derived ECM meshwork 
comprised cellular fibronectin (FN) and heparin-sulfate-proteoglycan-2 (HSPG-2/perlecan), as well as collagen type 1 (Col1) and type 3 (Col3). To gain deeper insight into the initial changes of the engineered microenvironment, we analyzed ECM deposition at earlier time points (Fig. 2B). Intriguingly, we found that 4 hours post-embedment BM-MSCs were not yet spread but already lined their encapsulation cavities by a shell of cellular FN. Notably, after 24 hours cells started to spread and to move out from their ECM-cavities, which are made up also by other ECM components than FN including HSPG-2 and Col3. Based on the very early appearance of cell-derived ECM proteins, 
we asked whether the cell-derived ECM influence the interaction of cells with the engineered microenvironment. To address this question, we knocked down FN in BM-MSCs by siRNA (Fig. 
S1A; supporting figures are found at the end of this chapter at pages 38-40) and embedded FN-depleted cells in PEG-hydrogels containing 50 µM RGD (Fig. 2C). When cultured on 2D controls (Fig. S1B) or in engineered 3D microenvironments (Fig. 2C), these FN-depleted BM-MSCs could not form FN-networks. Additionally, in 3D cultures FN-depleted cells were less elongated and less spread than their control cells after 3 days of culture (Fig. 2C). To quantitatively analyze this effect we determined the spreading index of cells by automated measurement of cell elongation. In doing 
so, we confirmed a significantly reduced spreading behavior of FN-depleted cells using several FN1-siRNAs as well as several BM-MSC donors (Fig. 2D). Nevertheless, cell-matrix interactions do 
occur in FN-depleted cells despite significantly reduced spreading. To further decouple the role of the cellular FN from the hydrogel-presented RGD, we embedded FN-depleted and control siRNA cells in matrices without RGD and analyzed their spreading. Intriguingly, control cells still spread in matrices without RGD, but less than in RGD-containing matrices. However, when FN-depleted cells were analyzed in RGD-free matrices their spreading index decreased dramatically and cells remained almost completely round. Together these data show that hydrogel-embedded BM-MSCs, in addition to RGD-mediated cell spreading, change their microenvironment by depositing ECM components, including FN. In summary, PEG-hydrogels provide a 3D system to study MSCs within MSC-derived ECM. 
Chapter II
22
Figure 2: ECM secreted by BM-MSCs modifies PEG-hydrogels and alters cell-substrate interactions in engineered microenvironments. A) 
Representative immunofluorescence images of BM-MSCs (F-actin, red) and deposited ECM components (green) after 7 days of culture within 
RGD-modified PEG-hydrogels. Scale bar, 10 µm. B) BM-MSC (F-actin, red) secreted and deposited cell-derived ECM (green) to sites of initial 
embedment in RGD-modified PEG-hydrogels after 4 and 24h of culture. Scale bar, 20 µm. C) Cellular fibronectin modulated spreading of BM-
MSCs with intact or knocked-down fibronectin expression after 3 days of culture within RGD-modified and RGD-free PEG-hydrogels. Scale bar, 
20 µm. Insets: 1.55x1.55 mm overview images of fibronectin staining. D) Quantification of cell spreading of BM-MSCs with intact or knocked-
down fibronectin expression within RGD-modified and RGD-free PEG-hydrogels. The spreading of BM-MSCs treated with control siRNA and 3 
different siRNAs to FN1 is shown as spreading index between 0 for circular cells and 1 for elongated cells. Box plot (25th and 75th percentiles) 
with whiskers (5th and 95th percentiles), median (line) and mean (+). (n = 9 samples from 3 donors. ANOVA with Bonferroni’s post hoc test 
**** p < 0.0001). All depicted images are Z-projections and exclusively present the extracellular deposited protein. 
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FGF-2 stimulation, PEG-hydrogel stiffness and degradability control micro-capillary 
network assembly Next, to convert the MSC-derived microenvironment presented above into a perivascular microenvironment, we aimed at tailoring PEG-hydrogel properties and culture conditions for optimal in vitro vessel morphogenesis and micro-capillary network formation. Towards this aim, we 3D embedded BM-MSCs together with human umbilical vein endothelial cells (HUVEC) in a 1:1 ratio in PEG-hydrogels containing RGD. After 7 days of culture, we evaluated the formation of 3D micro-capillary networks by CD31 immunostaining of endothelial cells (Fig. 3A-C). BM-MSCs and endothelial cells failed to assemble into micro-capillary networks in the absence of FGF-2. However, when co-cultures were conducted in the presence of FGF-2, micro-capillary network formation occurred in a dose-dependent manner up to 50 ng/ml FGF-2 (Fig. 3A and Fig. S2A). We next examined the impact of matrix stiffness and material density on network formation by comparing hydrogels of varying PEG amounts (dry mass content 1% - 3% with corresponding storage moduli 74 Pa - 2157 Pa, respectively) in the presence of 50 ng/ml FGF-2 (Fig. 3B, Fig. 
S2B and Fig S2C). The overall length of CD31-positive micro-capillaries was equally high in very soft matrices (1% - 1.3% PEG with 74-276 Pa, respectively), while there was a slight reduction in 1.7% PEG matrices (470 Pa). However, in matrices above 2% PEG (>762 Pa) the length of micro-
capillaries decreased significantly and CD31-networks were almost completely absent in the stiffest matrices tested of 3% PEG (2157 Pa). Taken together, a combination of FGF-2 and soft PEG matrices supports the robust formation of 3D micro-capillary networks by endothelial cells (CD31-positive) and BM-MSCs (CD31-negative) (Fig. 3C). To gain insights into the structural details of these micro-capillaries we investigated PEG- hydrogels by light and electron microscopy (Fig. 3D). We show that BM-MSCs (and derivatives) reside around and between the endothelial capillaries. By transmission electron microscopy (TEM) we demonstrate that micro-capillaries have lumens of several micrometers in diameter and are surrounded by a layer of cell-derived ECM. Moreover, endothelial cells were in very tight contact with perivascular localized BM-MSCs that are enshrouded in the cell-derived ECM layer. Ultrastructural analysis indicates that the deposited ECM layer is of heterogeneous composition, 
includes collagen microfibrils, and facilitates physical interactions with cellular extensions (Fig. 3E). We next investigated the composition of the perivascular ECM network by means of 
immunofluorescence analysis without cell membrane permeabilization (Fig. 3F). We found FN, Col1 and Col3 to be present in the extra-cellular space around the micro-capillaries. Notably, the perivascular ECM layer also consists of the basement membrane components collagen type 4 (Col4), laminin and HSPG-2. However, matrix remodeling in synthetic hydrogels is not just featured by newly deposited cellular ECM but is also dependent on the proteolytic breakdown of 
the synthetic matrix. To confirm this assumption we blocked matrix metalloproteinase (MMPs) activity using chemical inhibitors (Fig. S2D). Indeed, the broadband MMP-Inhibitor GM6001, as well as inhibitors of MMP-2 and MMP-9, completely prevented the formation of micro-capillary network formation at high concentrations. Taken together, favorable conditions for the culture of 3D micro-capillaries were featured by balanced hydrogel degradation and cell-derived ECM deposition, enabling hetero-cellular adhesions and morphogenesis to occur. 
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Figure 3: Engineering of 3D perivascular microenvironments by defining parameters for micro-capillary formation. A-C) Representative im-
munofluorescence images of micro-capillary networks formed by BM-MSC and endothelial cells (CD31) after 7 days of 3D co-culture in PEG-
hydrogels. Scale bars, 200 µm. (A) Quantitative analysis of the absolute length of CD31-positve networks depending on FGF-2 concentration 
(n = 6 samples from 3 donors. ANOVA with Bonferroni’s post hoc test **** p < 0.0001) and (B) physical matrix properties by PEG dry mass 
content (n = 8 samples from 5 donors. ANOVA with Bonferroni’s post hoc test shows significant differences from 1% PEG (a), 1.3% PEG (b), 
1.7% PEG (c) and 2% PEG (d)). Box plots in A and B show 25th and 75th percentiles with whiskers at 5th and 95th percentiles, median (line) 
and mean (+). C) 3D micro-capillary network formed by co-cultures of BM-MSC and endothelial cells in 1.7% PEG matrices and in the presence 
of 50 ng/ml FGF-2. Scale bars Z-projection 500 µm and for 3D reconstruction 300 µm. D) Qualitative assessment of micro-capillaries by light 
(scale bar, 50 µm), fluorescence (scale bar, 20 µm) and TEM microscopy (scale bars of upper and lower panel, 5 µm and 2 µm). Images show 
endothelial cells (EC, GFP, CD31) forming lumenized (L) micro-capillaries that are surrounded by perivascular-like cells (PC). TEM micrographs 
showing that micro-capillaries and perivascular cells are embedded in a dense network of ECM (black arrows). E) Ultrastructural analysis of 
the perivascular ECM layer by TEM microscopy showing heterogeneous ECM composition including collagen microfibrils (black arrows) and 
close cell-ECM interaction. Scale bars, 200 nm and 500 nm. F) Representative immunofluorescence images of the perivascular ECM layer by 
exclusive labeling of extracellular deposited ECM proteins (white) and of micro-capillaries (CD31 in green, F-actin in red). Scale bar: 20 µm. All 
depicted immunofluorescence images are Z-projections.
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Micro-capillaries promote the perivascular commitment of BM-MSCsNext, using the optimized micro-capillary cultures (1.7% PEG, 50 ng/ml FGF-2), we investigated the changes BM-MSCs undergo in the perivascular microenvironment by unbiased transcriptome analysis (Fig. 4A). To retrieve BM-MSC (and derivatives) from micro-capillary networks or monocultures, we digested PEG-hydrogels by collagenase and isolated CD31-negative cells by FACS (Fig. 4A and Fig. 4B). Successful cell separation was verified by qRT-PCR for CD31 mRNA expression in isolated populations (Fig. S3). In subsequently isolated and sequenced mRNA of BM-MSCs, we detected 16839 transcripts. Among this absolute number of detected transcripts we found 551 to be strongly and significantly up-regulated and 771 down-regulated in micro-capillary network-derived BM-MSCs (Fig. 4C). A strong effect was assumed above a log2-fold 
change of 1 and significance was accepted below a FDR of 0.01. The 100 most significantly differentially expressed genes (DEG) are displayed as a heatmap in Figure 4D. To systematically investigate the relationship of the differentially expressed genes in BM-MSCs we functionally enriched genes within the gene ontology (GO) domain Cellular Component (Fig. 5). As a result, Cellular Component terms that are overrepresented (gene-enriched) appear as clusters in the visualization map of Figure 5A. To gain deeper insights into the transcriptome changes that BM-MSCs undergo in the perivascular environment, we addressed the most prominent clusters of the gene enrichment (Fig. 5B). Strikingly, the largest changes in perivascular BM-MSCs were related to components of the ECM, as the up-regulation of one big ECM cluster and the down-regulation of another one indicate that BM-MSCs actively participate in the functional reshaping of the perivascular ECM (Fig. 5B: clusters 1,2). More specifically, the induced ECM genes included many collagenous and non-collagenous components of the vascular basement membrane (COL4A1-2, 
COL15A1, COL18A1, NID1, NID2, LAMB3, LAMA4, LAMC1, NTN4) as well as fibrillar collagens (COL1A2, COL3A1, COL5A1-3). Conversely, rather rare collagens (COL11A2, COL17A1, COL8A2, COL28A1) and specialized basement membrane components (COL4A3, COL4A4, LAMA3) were reduced. Other clusters in the GO Cellular Component domain indicate a reorganization of the cell surface including an induction of integrins and ion/voltage-dependent channels (Fig. 5B: clusters 3-6). When alternatively enriching the differentially expressed genes in the GO domain Biological Process, we detected prominent clusters of blood vessel regulation and vasoconstriction, cell-matrix interactions and metal and ion homeostasis, all pointing towards a contractile phenotype of perivascular BM-MSCs (Fig. S4).Interestingly, we also found many components and target genes of the Notch signaling pathway to be induced in perivascular BM-MSCs (Fig. S5). Therefore, we next examined the induction of basement membrane genes as well as components and targets of the Notch pathway (NOTCH3, 
JAG1 and PDGFRB) in BM-MSCs by qRT-PCR and could confirm the expression pattern seen in the RNA-seq analysis (Fig. 6A).
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Figure 4: Genome-wide transcriptional analysis of perivascular BM-MSCs. A) Schematic of experimental workflow. BM-MSC (n = 3 donors) 
were cultured alone or in micro-capillary co-cultures with endothelial cells (EC). After 7 days, cells were retrieved from PEG-hydrogels and 
BM-MSC (and derivatives) were isolated by FACS-sorting for non-endothelial (CD31-negative) cells. BM-MSC isolated RNAs were analyzed 
by next-generation sequencing and differential gene expression. B) FACS separation of BM-MSC and ECs by means of CD31-staining. Black 
represents the full cell population of beforehand as single and live determined cells. Red represents the staining pattern of the isotype control 
antibody. C) Volcano plot of differentially expressed genes between mono- and co-cultured BM-MSCs. The horizontal line corresponds to a 
FDR = 0.01 and genes below this line are considered as not significant (not) while genes above are considered as significant (singif). The two 
vertical lines correspond to a log
2
-fold change of 1 in expression and genes outside this range are considered as strongly affected (strong; 
signif & strong). D) Heatmap of gene expression by BM-MSC monocultured or cultured in the perivascular microenvironment. Depicted are 
the 100 most significantly changed genes due to culture in the perivascular microenvironment. Hierarchical clustering separates genes with 
positive log
2
 fold change from negative change, red and blue respectively. 
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Figure 5: Functional enrichment map of differentially expressed genes (DEG) in perivascular BM-MSCs. A) Genes identified as DEG follow-
ing transcriptome analysis are enriched and clustered by the gene ontology domain GO Cellular Component. Up- and downregulated genes 
in perivascular BM-MSC are displayed in red and blue, respectively. B) Strongly represented GO Cellular Component clusters show a strong 
rearrangement of the ECM including the basement membrane (1, 2), the rearrangement of matrix interaction partners and receptors on the 
cell-surface (3, 4) as well as of membrane ion channel complexes (5, 6).
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Perivascular microenvironment-mediated commitment of MSCs is not cell source dependentWe next asked whether the induced expression of basement membrane ECM and Notch components are cell source dependent. To address this question we used mesenchymal progenitor cells from human adipose tissue, which are adipose-derived stromal cells (ASCs), and we performed 3D co-cultures of ASCs and HUVEC. ASCs support micro-capillary formation in PEG-hydrogels under identical conditions as for BM-MSCs and reside in the perivascular microenvironment of micro-capillaries (data not shown). Hence, we isolated ASCs from engineered micro-capillary networks and compared their gene expression to monocultured ASCs by qRT-PCR (Fig. 6B). Similar to what was observed for BM-MSCs, basement membrane ECM components and Notch target genes (NOTCH3, 
JAG1, PDGFRB) are induced in vascular ASCs. Specifically, COL4A1, COL4A2, COL18A1, COL5A3, NOTCH3 and JAG1 were the 6 most induced genes in both MSC types. To further investigate if the induced expression pattern in MSCs is dependent on the endothelia cell type we formed micro-capillary networks with human ASCs and human endothelial progenitor cells from the umbilical cord blood, also known as endothelial colony forming cells (ECFCs) (Fig. 6C). We found that ASCs from micro-capillaries compared to ASCs from monocultures within the investigated gene subset upregulated the same top 6 genes as BM-MSCs and ASCs when co-cultured with HUVECs. In sum, our data show that mesenchymal progenitor cells from bone marrow and adipose tissue up-regulate components of the basement membrane ECM when cultured together with endothelial cells (HUVECs or ECFCs) in PEG-hydrogels. Furthermore, we found that in all three applied cell combinations the Notch pathway was affected in MSCs.
Jagged1-modified PEG-hydrogels induce a perivascular MSC phenotype Jagged1 is a cell-surface protein exposed on endothelial cells, and is able to trigger the Notch pathway in receiving cells (Fig. 6D). In perivascular cells, Jagged1 is a target of the Notch pathway and able to establish an autoregulatory loop176. We therefore reasoned that in our perivascular microenvironments endothelial Jagged1 could be an important factor to control the observed expressional changes in MSCs. Thus, we sought to engineer microenvironments that mimic endothelial cell-derived cell-cell interactions by immobilized Jagged1 (Fig. 6D). Since herein used PEG-hydrogels are of modular design we made use of an earlier described protein A-based linker 
(Gln-ZZ), which via ZZ-domain binds Fc-tagged proteins with high affinity and via Gln-domain is covalently tethered to PEG-hydrogels177. Hence, the pre-incubation of Gln-ZZ with Jagged1-Fc or IgG-Fc leads to the formation of stable protein complexes that are immobilized to PEG-hydrogels by Factor XIIIa. Next, we examined whether monocultured BM-MSCs induce the vascular basement 
membrane and the Notch pathway in Jagged1-modified 3D microenvironments compared to IgG 
control-modified microenvironments. To do so we cultured BM-MSCs in the same conditions as above for endothelial co-cultures, we retrieved cells from PEG-hydrogels and assessed target genes by qRT-PCR (Fig. 6E). In fact, matrix immobilized Jagged1 did successfully induce the Notch pathway in BM-MSCs as shown by induction of NOTCH3, JAG1 and PDGFRB. Moreover, all tested basement membrane ECM genes that were induced in BM-MSCs by endothelial cells were also induced in BM-MSCs by the matrix immobilized Jagged1.
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Figure 6: Jagged1-functionalized hydrogels recapitulate perivascular microenvironment promoted expression of basement membrane 
ECM and Notch-target genes. A - C) Induction of gene expression in MSCs after 7 days of participation in 3D micro-capillary networks versus 
MSCs monocultured in PEG-hydrogels. A) BM-MSCs isolated from co-cultures with HUVECs (n = 5 donors). B) ASC isolated from co-cultures 
with HUVECs (n = 6 donors). C) ASC isolated from co-cultures with ECFCs (n = 6 donors). D) Schematic showing the concept of endothelial 
cell-interaction mimicking Jagged1-functionalized synthetic matrices. In optimized synthetic hydrogel-based co-cultures endothelial cells, by 
direct Jagged1-Notch3-mediated cell-cell interaction promote the upregulation of ECM and Notch-target genes in MSCs and thereby govern 
their perivascular commitment. Modular designed synthetic hydrogels, which in addition to the integrin ligands RGD and MMP-sensitive sites 
contain immobilized Jagged1 induce the perivascular commitment of MSCs in absence of endothelial cells. E) BM-MSCs after 7 days of mono-
culture in Jagged1-functionalized PEG-hydrogels (n = 4 donors). Data are displayed as relative fold-changes compared to MSCs monocultured 
in unmodified (for Figures A – C) or with control IgG functionalized PEG-hydrogels (D). Gene expression was analyzed by qRT-PCR and normal-
ized on 3 reference genes (GAPDH, YWHAZ, EEF1A1). Bars represent mean values ± SD, one-sample t tests address the significance of the 
induction: * p < 0.05, ** p < 0.01, *** p < 0.001,**** p < 0.0001.
A B C
D
E
Chapter II
30
Discussion
Here, we describe a model to study MSCs in a perivascular microenvironment re-created in biomimetic PEG-hydrogels. Using this synthetic and readily tunable model, we screened the 
expression profiles of MSCs and identified a switch in vascular basement membrane ECM and alterations in Notch pathway target genes as novel characteristics of perivascular MSCs. By applying this novel biological stem cell knowledge to the engineering of materials-based microenvironments, we were able to hypothesize and verify that substitution of endothelial capillaries with the immobilized Notch-activator Jagged1 in PEG-hydrogels leads to activation of Notch signaling and ECM remodeling. These results show that biomaterials-based tissue mimetics serve to study biological processes, which immediately reinstruct the design of innovative materials for the reconstruction of tissues and microenvironments with increasing physiological relevance and complexity.
In contrast to naturally derived ECM polymers such as collagen, fibrin or the tumor-derived 
matrigel, synthetic materials allow for the engineering of defined 3D cell microenvironments under fully controlled conditions. In such synthetic ECM-mimics the researcher determines the cellular microenvironment by engineering the signals of choice. However, interactions between 
the engineered material and the embedded cells are reciprocal and result in the modification of the synthetic material by deposited cell-derived ECM. Surprisingly, such cell-derived ECM deposition is an often neglected phenomenon, but likely contributes or even drives the outcome of synthetic 3D materials-based cultures. Here, we could evaluate the contribution of BM-MSC-derived ECM to altering their own microenvironment. We show that the deposition of cellular ECM into PEG-hydrogels starts immediately after cell embedding and within the adaption phase of cellular spreading and cell-matrix interaction. Intriguingly, the presence of the adhesion-ligand 
RGD was beneficial but not required for cell spreading, indicating that cell-derived ECM facilitates cell spreading. Indeed, by silencing the very early appearing, tissue-templating ECM protein 
fibronectin we show to our knowledge for the first time that the cell-derived ECM facilitates cell 
spreading in synthetic 3D hydrogel materials. However, whether and how these findings relate to cultures with other cell types remains to be investigated. Similarly, it needs to be determined how 
the cell-derived ECM might influence the recognition of cell-instructive growth factors and ligands presented by engineered biomaterials. Earlier studies made use of the endothelial cell supporting function of mesenchymal lineage cells to focus on the formation of micro-capillaries in synthetic or semi-synthetic matrices78, 85, 91, 93, 94, 124. Here, we engineered micro-capillary networks to study the fate of MSC in the perivascular microenvironment. By optimizing the physical properties, we found that micro-capillary network formation and material stiffness are negatively correlated, which is in line with previous work showing that capillary formation is favored at low ECM/materials density85, 91, 93, 103, 104. Blocking MMP-mediated matrix degradation and cell migration, even in soft matrices, inhibits micro-capillary network formation. Conversely, the well-known pro-migratory and pro-angiogenic factor FGF-2 strongly induces micro-capillary network formation. Hence, it is conceivable that micro-
capillary network formation is most efficient if culture conditions best support cell migration and 
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communication as well as matrix remodeling, all key functions required during native angiogenesis processes. Using optimized culture conditions, we show that engineered micro-capillaries are surrounded by a dense layer of cell endogenous ECM similar to what has been reported previously for micro-capillaries within 3D naturally derived hydrogels64, 65, 178.To assess the fate change of BM-MSCs in engineered perivascular microenvironments we performed an unbiased gene expression analysis comparing BM-MSCs isolated from engineered 
micro-capillaries to BM-MSCs from monocultures. We detected the significant induction of a number of perivascular markers/components that are associated with perivascular cells (PDGFRB, ACTA2, CDH2, GUCY1A2, GUCY1A3, GUCY1B3, MYOCD, KCNJ8, RGS5; Fig. S6). Importantly, our transcriptome evaluation unveiled a prominent switch in the expression of ECM components. To 
our knowledge, we show for the first time that in micro-capillary derived BM-MSCs, components 
of the general and capillary basement membrane are strongly induced, while specific glomerular, corneal or epidermal basement membrane proteins are downregulated41, 179-182. Furthermore, we showed that the induction of vascular basement membrane ECM in perivascular MSCs is not dependent of the cell source of both the receiving MSCs and the triggering endothelial cells, showing that this is a general effect between MSCs and endothelial cells. In two recent studies, the induction of vascular basement membrane components was reported in 3D co-cultures of endothelial cells and pericytes, however, without addressing which cell type is responsible for their expression124, 183. In a more detailed study, Stratman et al reported several basement membrane components to be directly induced in bovine pericytes by human endothelial cells when co-cultured in collagen hydrogels64. Together, it is conceivable that perivascular lineage commitment is a general feature of MSCs residing in the perivascular niche of different tissues, which is recapitulated in engineered micro-vessels. However, it needs to be determined if the observed perivascular cell commitment of MSCs is involved in the generation of perivascular cells in vivo and what fraction of MSCs undergo commitment. We also found the triggering of Notch pathway components in perivascular BM-MSCs, which, in the case of Notch3 signaling, has been previously shown to be important for perivascular cell regulation16, 184-187. Activation of the Notch pathway in perivascular cells occurs via the cell-surface protein Notch that interacts with endothelial cell surface-presented Jagged1176, 187-191. In this regard, it has been demonstrated that endothelial Jagged1 is required for the induction of Notch3 target genes, including NOTCH3 and JAG1 in perivascular cells176, both of which we found to be induced in perivascular MSCs as well. Furthermore, two other strong hits of our analysis (COL18A1 and 
COL5A3) were previously induced in dermal fibroblasts by endothelial cells in a Notch-dependent manner192. Additionally, MSCs differentiated towards smooth muscle cells when cultured on Jagged1-coated tissue culture plastic (TCP)193. Based on these earlier observations and our finding that many Notch target genes are induced in perivascular MSCs, we reasoned that endothelial cells presenting Jagged1 could likely contribute to the perivascular lineage commitment of MSCs. Therefore we hypothesized that Jagged1-presenting hydrogels could substitute endothelial cell-functions of the perivascular microenvironment and allow the design of novel cell-interaction mimicking biomaterials. For this, we took advantage of an earlier developed protein A based linker-peptide (ZZ), which can be used as modular, covalently integrating component of our PEG-
hydrogel and enables high affinity binding of Fc-tagged proteins168, 177. By using this strategy, we 
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readily form Jagged1-presenting 3D microenvironments to study the commitment of encapsulated 
BM-MSCs in the absence of endothelial cells-induced perivascular signals. Indeed, we confirm that vascular basement membrane ECM genes are upregulated in BM-MSCs harvested from Jagged1-
engineered hydrogels. Hence, we demonstrate for the first time that Jagged1-engineered hydrogels via Notch pathway stimulate the expression of vascular basement membrane ECM components in MSCs and thereby bypasses the need for endothelial cells in promoting their perivascular lineage commitment. In future, the use of perivascular cells and endothelial cells from various tissue sources in our synthetic hydrogel-based perivascular microenvironment platform followed by systematic 
analysis of cellular expression profiles will offer new perspectives to destruct existing complex in vivo perivascular niches. Therefore, we envision that this platform will provide a basis to elucidate the functional and phenotypic relationship of MSCs, pericytes and vascular smooth muscle cells in quiescent physiological vessels as well as their role in healing or diseased tissues. The tuning, integration and interactive manipulation of selected microenvironmental parameters by the use of innovative materials will enable the characterization and testing of new niche and stem cell regulatory signals under controlled in vitro conditions. 
Experimental section
Cell cultureHuman bone marrow-derived mesenchymal stem cells (BM-MSCs) were isolated as described previously194 from bone marrow aspirates of healthy donors (n = 6) obtained during orthopedic surgical procedures after informed consent and in accordance with the local ethical committee (University Hospital Basel; Prof. Dr. Kummer; approval date 26/03/2007 Ref Number 78/07). Human adipose-derived stromal cells (ASCs) were isolated as described previously195, 196 from adipose tissue obtained during routine surgical procedures of healthy donors (n = 6) after informed consent and in accordance with the local ethical committee (Ethikkommission beider Basel [EKKB], Ref Number 78/07). ASCs and BM-MSCs were maintained in MEM alpha (with nucleosides, Gibco) supplemented with FBS (10%, Gibco), penicillin (100 U ml-1, Gibco), streptomycin (100 µg ml-1, Gibco), and FGF-2 (5 ng ml-1, PeproTech). Human umbilical vein endothelial cells (HUVECs, PromoCell) and human endothelial colony-forming cells (ECFCs) isolated from term umbilical cord blood (n=6) as described previously197 were maintained in EGM-2 (EBM-2 basal medium supplemented with the EGM-2 SingleQuots growth factor kit, both from Lonza) and FCS (10%) in 
collagen coated flasks (0.15 mg ml-1 rat-tail collagen, Corning). 
All cells were cultured at 37°C in a humidified atmosphere at 5% CO2.
TG-PEG matrix formation and culture1 mL of FXIIIa (200 U ml-1, Fibrogammin, CSL Behring) was activated with 100 µl of thrombin (20 
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U ml-1, Sigma–Aldrich) for 30 min at 37 °C. Small aliquots of FXIIIa were stored at −80°C for further 
use. Hydrogels with final dry mass contents of 1 - 3% w/v were prepared by stoichiometrically balanced ([Lys]/[Gln] = 1) precursor solutions of n-PEG-Gln and n-PEG-MMP-sensitive-Lys (previously described174, 175) in 50 mM Tris buffer pH 7.6 containing 50 mM CaCl2. Additionally, Lys-
RGD to a final concentration of 50 µM and cells to final concentrations 3 Mio ml-1 for co-cultures (1.5:1.5 Mio ml-1) and 1, 1.5 or 3 Mio ml-1 for MSC monocultures were added. Subsequently, PEG cross-linking was initiated by addition of 10 U ml-1 FXIIIa and disc-shaped matrices were prepared between hydrophobic glass slides (treated with SigmaCote, Sigma-Aldrich). Final hydrogels were cultured in medium containing MEM alpha, FCS (10%), penicillin (100 U ml-1), streptomycin (100 
µg ml-1) and human recombinant FGF-2 (0-100 ng ml-1 as indicated in the results, Prepotech) 
at 37°C in a humidified atmosphere at 5% CO2 for time periods such as indicated in the results. Medium was replaced after 4 days.For MMP inhibition experiments 1.7% TG-PEG hydrogels were cultured for 7 days in full medium containing 50 ng ml-1 FGF-2 and the following chemical MMP-Inhibitors at 10 or 100 µM: GM6001 (Calbiochem, 364206), MMP-2 Inhibitor III (Calbiochem, 444288), MMP-9 Inhibitor I (Calbiochem, 444278).
Characterization of hydrogel stiffness by in situ rheometryHydrogel gelation was analyzed on a rheometer (MCR 301, Anton Paar) equipped with 20 mm 
plate–plate geometry (PP20, Anton Paar) at RT and under humidified atmosphere. After adding FXIIIa to a reaction of 100 µl, containing precursors in stoichiometrically balanced amounts (8-PEG-Gln and 8-PEG-MMP-sensitive-Lys, 1 - 3% w/v), the mixture was quickly vortexed and precisely loaded onto the center of the bottom plate. The upper plate was lowered to a measuring gap size of 0.2 mm, ensuring proper loading of the space between the plates according to DIN 51810-1 and the dynamic oscillating measurement was started. The evolution of storage and loss moduli at a constant angular frequency of 0.5 rad/s and constant shear strain of 0.1% was recorded for 30 min.
Immunofluorescence and confocal laser scanning microscopy (CLSM)
For immunofluorescence staining of ECM components, primary antibodies were added directly to the medium of cultures and incubated for 4 hours at growth conditions. Afterwards, hydrogels 
were washed twice with PBS followed by fixation in 4% PFA for 30 min at RT. Next, gels were washed for 1 hour with PBS and incubated with the corresponding secondary antibodies and with Rhodamine phalloidin (Molecular Probes 1:500) in PBS containing 1% BSA (Albumin Fraction V, AppliChem) for 4 hours at RT.
For immunofluorescence staining of CD31, hydrogels were washed once with PBS followed by 
fixation in 4% PFA for 30 min at RT. Fixed gels were washed twice with PBS and permeabilized in 0.3% Triton X-100/PBS (Sigma) containing 1% BSA (Albumin Fraction V, AppliChem) for 30 min at RT. Afterwards, hydrogels were incubated with a primary antibody to CD31 in 1% BSA/PBS 
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over night at 4°C. Next, gels were washed 1 hour with PBS and incubated with the corresponding secondary antibody and with Rhodamine phalloidin (1:500) in PBS containing 1% BSA (Albumin Fraction V, AppliChem) for 4 hours at RT.For co-stains of ECM components and CD31, primary antibodies to ECM components were added directly to the medium of cultures and incubated for 4 hours at growth conditions. Afterwards, 
hydrogels were washed twice with PBS followed by fixation in 4% PFA for 30 min at RT. Fixed gels were washed twice with PBS and permeabilized in 0.3% Triton X-100/PBS (Sigma) containing 1% BSA (Albumin Fraction V, AppliChem) for 30 min at RT. Afterwards, hydrogels were incubated with a primary antibody to CD31 in 1% BSA/PBS over night at 4°C. Next, gels were washed 1 hour with PBS and incubated with the corresponding secondary antibodies and with SiR-Actin (Spirochrome 1:1000) in PBS containing 1% BSA (Albumin Fraction V, AppliChem) for 4 hours at RT. Finally, stained hydrogels were washed with PBS for 3 h prior to image acquisition. Confocal images were acquired by an inverted laser-scanning microscope (TCS SP5, Leica). Images were processed with ImageJ software (Fiji version 1.48.u, April 2014) and are depicted as projections of Z-stacks. To quantify the overall length of CD31-positve structures 100 µm Z-stacks were taken by recording 25 planes at 4 µm Z-steps. Images were Z-projected and measured by the AngioQuant tool198 in Matlab (version R2013b, MathWorks Inc, USA). The overall length of CD31-positive structures was normalized on the image area (mm mm-2). Mean values were compared by one-way analysis of variance (ANOVA) using GraphPad Prism (GraphPad software version 5.04, San Diego California, 
USA) followed by Bonferroni’s post hoc test to judge statistical significance. Statistical significance was accepted for p < 0.05.
Fibronectin knockdown experimentsBM-MSC were seeded in MEM alpha supplemented with FBS, penicillin, streptomycin at 50000 cells per 12-well. 24 hours post seeding, knockdown was initiated following the standard protocol of lipofectamin RNAiMAX (Invitrogen): 20 pmol siRNA were premixed for 5 min with 3 µl lipofectamine in 100 µl OptiMEM (Invitrogen) and added to cells for a final concentration of 20 nM. The following silencer select siRNAs were used: Negative control No 1 siRNA (4390843, Ambion), FN1 siRNA: A (ID: s223585, 4427037, Ambion), B (ID: s223586, 4427037, Ambion), C (ID: s5321, 4427037, Ambion).
After 48 hours of incubation, the knockdown efficiency was evaluated by Western blot analysis. 
The fibronectin signal intensities were quantified by the gels tool of ImageJ software (Fiji version 1.48.u, April 2014) and normalized to tubulin signal intensities. For spreading experiments, knockdown and control cells were obtained after 48 h of knockdown and embedded in 1.7% TG-PEG hydrogels containing 0 or 50 µM RGD at a cell concentration of 1 Mio ml-1. After 3 days of culture hydrogels were immunostained for FN and F-actin as described above. To quantify the cellular spreading 100 µm Z-stacks of F-actin stainings were taken by recording 10 planes at 10 µm Z-steps. Images were Z-projected, binarized and automatically measured by the analyze particles tool of ImageJ software (Fiji version 1.48.u, April 2014). The spreading index is the inversion of cell circularity = 1-circularity (4pi(area/perimeter2)); a value of 0 indicates a perfect circle, a value 
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of 1 indicates an increasingly elongated shape.
Transmission electron microscopy (TEM)
For TEM microscopy, hydrogels were washed once with PBS followed by fixation in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4, 540 mOsmol kg-1 H2O). Hydrogels were washed 3 times in 0.1 M sodium cacodylate buffer (pH 7.4, 340 mOsmol kg-1 H2O) and postfixed in 1% OsO4 (in 0.1 M sodium cacodylate buffer pH 7.4, 340 mOsmol kg-1 H2O). Hydrogels were again washed 3 times in 0.1 M sodium cacodylate buffer (pH 7.4, 340 mOsmol kg-1 H2O) and subsequently gradually dehydrated by an increasing concentration series of ethanol as follows: 70%, 80%, 90%, 
96% for 30 min and finally twice in 99% and 100% for 15 min. Last, ethanol was replaced by 100% acetone. Finally, specimens were embedded in epoxy resin. Ultrathin sections were obtained at 70 nm thickness on a microtome (Ultracut S, Reichert) and images were obtained using an electron microscope (EM 400T, Philips) and Morada Soft Imaging System (Olympus).
FACS separation, RNA-Sequencing and DEG AnalysisBM-MSCs from 3 different donors were encapsulated in monoculture (1.5 Mio ml-1) or 1:1 co-culture with HUVEC (1.5:1.5 Mio ml-1) within 1.7% TG-PEG hydrogels and cultured in medium containing MEM alpha, FCS (10%), penicillin (100 U ml-1), streptomycin (100 µg ml-1) and human recombinant FGF-2 (50 ng ml-1) at 37°C in a humidified atmosphere at 5% CO2 for 7 days. Medium was exchanged after 4 days. To retrieve BM-MSC, hydrogels were degraded in 0.5 mg ml-1 collagenase A (Sigma, 11088793001) at 37 °C for 60-90 min. Next, cells were washed once in FACS buffer (PBS, 1 mM EDTA, 2% FCS) and incubated for 2 min in trypsin-EDTA (Gibco, 25300062) at 37°C. Cells, were washed twice in FACS buffer and stained with a monoclonal PE-labeled CD31-antibody for 45 min at 4 °C. Cells were washed twice and resuspended in FACS buffer. Cell viability was assessed by SYTOX blue and red stain (Molecular Probes, 1:1500). CD31-positive and CD31-negative cells were separated by the cell sorter BD FACSAria III  (BD Bioscience). CD31-negative cells were collected, washed once in PBS and lysed in the RLT-buffer from RNeasy Micro Kit (Qiagen). Subsequently, total RNA was isolated from cells following the manufacturer’s instructions. Next, quality of the RNA was assessed with the Agilent TapeStation 4200. Concentration was 
determined with RiboGreen (Life Technologies) and measured on the Infinite M1000 Pro plate reader (Tecan). 200 ng total RNA were used for RNA-seq library prep with the TruSeq Stranded 
mRNA Library Prep Kit (Illumina) according to manufacturer’s specifications. Libraries were pooled and sequenced SR81 with the Illumina NextSeq 500 system using the High Output Kit v2 (75 cycles). Primary data analysis was performed with the Illumina RTA version 2.4.11, bcl2fastq v2.18.0.12.
Starting from the raw .fastq files the reads were mapped against the human reference genome and simultaneously soft-clipped using the STAR aligner (version 2.4.0). Standard quality control (Picard, RSeQC, QoRTs) was run to assess the quality of the resulting alignments. Subsequently, 
strand-specific (reversely stranded) read counting was performed using featureCount (subread, 
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version 1.5.0). To avoid technical artifacts the data were filtered such that genes where the average over all samples was less than 5 counts were removed. This resulted in 40980 transcripts removed out of 57825 in total, leaving 16845 transcripts for further analysis. Transcripts were mapped to HGNC symbols and ENTREZID’s using the org.Hs.eg.db package version 3.4.0. Differential expression was modeled using generalized linear regression of the negative binomial family, as implemented in the DESeq2 package199 of the R environment for statistical computing200. A list of 
differentially expressed genes (DEG) was compiled with identified genes having a false discovery rate less than 0.01. and fold change of more than of 2. Functional enrichment maps were generated as described previously201, 202. Over-representation of gene ontology terms was calculated for the list of DEG using High-Throughput GoMiner203. One thousand randomizations were performed and data were thresholded for a 0.05 false discovery 
rate. Over-represented terms with ≥5 and ≤500 assigned genes were reported. Fold change values were mapped onto genes assigned to each over-represented term, and the data matrix was subjected to hierarchical clustering analysis on the basis of uncentred Pearson correlation and a complete-linkage matrix using Cluster 3.0204. Clustered data were visualized using Java TreeView205.
Quantitative real-time PCR (qRT-PCR)BM-MSCs or ASCs in monoculture (1.5 Mio ml-1) or 1:1 co-culture with HUVECs or ECFCs (1.5:1.5 Mio ml-1) were encapsulated in 1.7% TG-PEG hydrogels and cultured in medium containing MEM alpha, FCS (10%), penicillin (100 U ml-1), streptomycin (100 µg ml-1) and human recombinant FGF-2 (50 ng ml-1) at 37°C in a humidified atmosphere at 5% CO2 for 7 days. Medium was exchanged after 4 days. RNA from retrieved and separated BM-MSC or ASC was obtained as described above. For quantitative real-time PCR (qRT-PCR) 300 ng RNA were converted into 80 ul cDNA by means of the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). qRT-PCR was carried out using 1.5 ul cDNA template, the TaqMan Universal PCR Master Mix (Applied Biosystems) and the Viia 7 Real-Time PCR System (Applied Biosystems). The following TaqMan primer/probe sets were used for gene expression tests: Hs00266237_m1 (COL4A1), Hs01098873_m1 (COL4A2), Hs00181017_m1 (COL18A1), Hs00609133_m1 (COL5A1), Hs01555669_m1 (COL5A3), Hs01081432_m1 (SDC2), Hs00915875_m1 (NID1), Hs00201233_m1 (NID2), Hs01128537_m1 (NOTCH3), Hs00943809_m1 (COL3A1), Hs00169777_m1 (PECAM1), Hs00164099_m1 (COL1A2), Hs00234160_m1 (SPARC), Hs00165078_m1 (LAMB3), Hs00267056_m1 (LAMC1), Hs00935293_m1 (LAMA4), Hs01019589_m1 (PDGFRB), Hs01070032_m1 (JAG1). Data were normalized on the expression of the following genes Hs02758991_g1 (GAPDH), Hs03044281_g1 (YWHAZ) and Hs00265885_g1 (EEF1A1) relative gene expression was calculated by the comparative Ct method.
Jagged1 modified PEG-hydrogelsRecombinant human Jagged1-Fc Chimera (R&D Systems, 1277-JG-050 FC-IgG) or control IgG1 Fc-
fragment (R&D Systems, 110-HG-100 FC-IgG) were immobilized to TG-PEG hydrogels to a final 
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molar concentration of 70 nM by a 30 min pre-incubation step with 5 µM (final molar concentration) of Gln-ZZ protein (previously characterized177). ZZ is a synthetic protein A analogue with super 
high affinity to the Fc-fragment of immunoglobulins. The FXIIIa mediated immobilization of the Gln-ZZ-Fc-Jagged1 protein complex to TG-PEG leads to the presentation Jagged1 within hydrogels. BM-MSCs were encapsulated at 3 Mio ml-1 in Jagged1 or IgG modified TG-PEG hydrogels (1.7% w/v, 50 µM RGD) and cultured in medium containing MEM alpha, FCS (10%), penicillin (100 U ml-1), streptomycin (100 µg ml-1) and human recombinant FGF-2 (50 ng ml-1) at 37°C in a humidified atmosphere at 5% CO2 for 7 days. Medium was exchanged after 4 days. RNA extraction and qRT-PCR were done as described above.
AntibodiesAntibody Application/Dilution Catalog NumberMouse anti-CD31 ICC 1:150 BD Bioscience 555444Rabbit a-CD31 ICC 1:50 Abcam ab28364Mouse a-FN (IST9 to the ED-A do-main present in cellular FN) ICC 1:300 Santa Cruz sc59826Mouse a-Col1 ICC 1:150 Abcam ab90395Rabbit a-Col3 ICC 1:150 Abcam ab7778Mouse a-Col4 ICC 1:150 Abcam ab6311Mouse a-HSPG-2 ICC 1:200 Abcam ab23418Rabbit a-Laminin 1+2 ICC 1:150 Abcam ab7463Goat a-mouse-488 ICC 1:200 Abcam ab150113Goat a-rabbit-488 ICC 1:200 Abcam ab150077Goat a-rabbit-568 ICC 1:200 Abcam ab175471Goat a-mouse-555 ICC 1:200 Biolegend 405324Mouse a-alpha-Tubulin WB: 1:2000 Sigma T-5168Mouse a-FN (IST4) WB 1:1000 Sigma F-0916Goat a-mouse-HRP WB 1:2000 DAKO P0447Mouse a-CD31-PE Flow cytometry 1:50 BD Bioscience 560983Mouse IgG1, k isotype control-PE Flow cytometry 1:50 BD Bioscience 556650
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Supporting figures
Figure S1: Fibronectin is knocked-down in BM-MSC by siRNA gene silencing. A) Efficiency of siRNA caused fibronectin knockdown in BM-MSC 
analyzed by Western Blot analysis 48h after knockdown initiation. Quantification shows the western blot signal intensity of fibronectin nor-
malized to a-tubulin. (mean ± SD; n= 4 donors). B) Absence of cellular fibronectin networks analyzed by immunofluorescence of cell-derived 
fibronectin 3 days after knockdown. Scale bar, 100 µm. C) Representative image as used for quantification of spreading of control siRNA and 
fibronectin knockdown BM-MSCs within RGD-modified and RGD-free TG-PEG hydrogels after 3 days of culture. Images display projections of 
100 µm Z-stacks of F-actin stained samples. Scale bar, 500 µm.  
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Figure S3: CD31 mRNA expression (qRT-PCR) of monocultured BM-MSC, CD31-negative and CD31-positive isolated cells from FACS sorting. 
CD31 mRNA expression in FACS separated cell populations after 7 days of culture in PEG-hydrogels. Bars represent mean values ± SD of n = 
3 donors. ANOVA with Bonferroni’s post hoc test: CD31-positive sorted cells are significantly different from both other conditions with ** p 
˂ 0.01.
Figure S2: 3D micro-capillary network formation in PEG-hydrogels is FGF-2-, matrix stiffness- and MMP-dependent. Representative images 
of CD31-immunostained micro-capillary networks. All images depict Z-projections of 100 µm Z-stacks and are obtained after 7 days of culture. 
Scale bars, 200 µm. Impact of A) FGF-2 concentration (ng/ml) in the medium, B) physical matrix properties and D) MMP-activity on micro-
capillary network formation in ECM mimics. C) Correlation of PEG dry mass content and matrix stiffness assessed by rheological measurement 
of the corresponding storage moduli. (Bars represent mean values ± SD of n = 3 experiments). D) Quantitative analysis of the MMP-inhibition 
effect on the absolute length of CD31-positve micro-capillary networks. Individual data points and mean (line), n = 3 samples from 3 donors. 
ANOVA with Bonferroni’s post hoc test: All MMP-blocking conditions except 10 µM MMP-2 are significantly reduced compared to control and 
DMSO control groups.
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Figure S6: Induction of perivascular marker genes in perivascu-
lar BM-MSCs. Genes identified by transcriptome analysis as dif-
ferentially expressed genes in perivascular BM-MSCs compared to 
monocultured BM-MSCs. 
Figure S5: Induction of Notch pathway target genes in perivas-
cular BM-MSCs. Genes identified by transcriptome analysis as dif-
ferentially expressed genes in perivascular BM-MSCs compared to 
monocultured BM-MSCs. 
Figure S4: Functional enrichment map of differentially expressed genes (DEG) in perivascular BM-MSCs. Genes identified as DEG follow-
ing transcriptome analysis are enriched and clustered by the gene ontology domain GO Biological Process. Up- and downregulated genes 
in perivascular BM-MSC are displayed in red and blue, respectively. GO Biological Process clusters show clusters of blood vessel regulation, 
cell-matrix interactions and metal and ion homeostasis.
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Chapter III: 
Dual role of mesenchymal stem cells allows for micro-vascularized 
bone tissue-like environments in PEG hydrogels
The content of this chapter is published as full article: U. Blache, S. Metzger, Q. Vallmajo-Martin, I. Martin, V. Djonov and M. Ehrbar (2016): Dual role of mesenchymal stem cells allows for micro-vascularized bone tissue-like environments in PEG hydrogels; Advanced Healthcare Materials 5 (4): 489-498
Abstract
In vitro engineered tissues, which recapitulate functional and morphological properties of bone marrow and bone tissue, would be desirable to study bone regeneration under fully controlled conditions. Among the key players in the initial phase of bone regeneration are mesenchymal stem cells (MSCs) and endothelial cells (ECs) that are in close contact in many tissues. Additionally, the generation of tissue constructs for in vivo transplantations has included the use of ECs since 
insufficient vascularization is one of the bottlenecks in (bone) tissue engineering. Here we show that 3D co-cultures of human bone marrow derived MSCs (hBM-MSCs) and human umbilical vein endothelial cells (HUVECs) in synthetic biomimetic poly(ethylene glycol) (PEG)-based matrices can be directed towards vascularized bone mimicking tissue constructs. In this environment, 
bone morphogenetic protein-2 (BMP-2) or fibroblast growth factor-2 (FGF-2) promotes the formation of vascular networks. However, while osteogenic differentiation is obtained with BMP-2, the treatment with FGF-2 suppressed osteogenic differentiation. Thus, our study shows that co-cultures of hBM-MSCs and HUVECs in biological inert PEG matrices can be directed towards bone and bone marrow-like 3D tissue constructs. 
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Introduction
Despite the regeneration and self-healing capacity of bone tissue 5-10% of all bone fractures do not heal properly and lead to delayed unions or nonunions206. Moreover, the regeneration of bone tissue can be impaired due to pathological reasons such as infections, tumors or necrosis207. Thus, osteogenic grafts, which could replace missing or defective bone tissue, have been generated by combining mesenchymal stem cells (MSCs) with 3-dimensional (3D) biomimetic materials. To accelerate the engraftment and improve the survival of such engineered bone tissues, the focus has recently been directed towards their pre-vascularization208-214. Additionally and equally important, the acquiring of knowledge on vascularization of bone mimicking tissues in combination with novel tailorable biomaterials and advanced 3D manufacturing processes will make the creation of physiologically relevant in vitro bone models become tangible. Such models would allow 
for the study and testing of healing inducing treatments under fully defined and reproducible experimental conditions.Bone is a highly vascularized tissue whose development and regeneration is tightly regulated by the presence of vascular structures. Moreover, MSCs have been shown to reside in the perivascular niche19, 22. This indicates that the vascular microenvironment influences the mobilization and differentiation behavior of MSCs and serves as a repository for mesenchymal tissue forming cells, which is activated during tissue healing processes215. Thus due to various reasons bone tissue engineering needs to consider osteogenic and vasculogenic processes in a tightly intertwined fashion216.3D bone tissue models should at least partially recapitulate properties of the native tissue microenvironment, which is the sum of cues provided by neighboring cells, extracellular matrix (ECM) signals as well as growth factor presentation and physical cues. These microenvironments have been recapitulated by culturing bone cells in ECM derived hydrogel materials such as collagen, 
fibrin, matrigel or glycosaminoglycans. However, ECM components, due to their inherent biological signals can either trigger biological or cover cellular responses. Particularly, when focusing on the role of ECM producing cells such as MSCs the use of ECM free hydrogels seems to be appropriate.Synthetic hydrogels such as poly(ethylene glycol) (PEG) avoid biological interferences and enable the study of cells on a blank slate. As PEG hydrogels are formed under chemically controlled 
conditions they can readily be modified towards specific requirements49, 90, 217, 218. We and others have successfully used mouse or human mesenchymal cells to support the culture of human endothelial cells in synthetic proteolytically-degradable PEG hydrogels91-93, 219-221. However, vascularized tissue models that allow for the study of osteogenesis have not been described in PEG hydrogels.Here, we combine a fully synthetic 3D PEG system with hBM-MSCs and HUVECs towards the 
establishment of an artificial vascularized bone tissue-like environment. Towards this aim we employ a previously established transglutaminase (FXIII) cross-linked PEG hydrogel that enables cell adhesion by RGD presentation and cell migration by MMP-sensitive cleavage sites174, 222, 223. In doing so, we make use of the dual role of MSCs, which is their ability to give rise to osteogenic cells 
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and their ability to support endothelial cells. We demonstrate that hBM-MSCs enable HUVECs in self-organized co-cultures to build lumenized microvascular structures in synthetic PEG hydrogels. Additionally, we show that at the same time hBM-MSCs in 3D co-cultures can be differentiated towards bone by the bone morphogenetic protein-2 (BMP-2) or prevented from differentiation 
by the fibroblast growth factor 2 (FGF-2). Hence, by combining MSCs with endothelial cells in a synthetic 3D environment we provide a vascularized tissue-like construct that can be differentiated towards bone or maintained in a non-differentiated state. 
Results & Discussion
Mesenchymal stem cells enable microvascular-like structures in synthetic PEG hydrogelsTo establish bone tissue-like constructs, fully synthetic, factor XIII polymerized PEG (TG-PEG) hydrogels containing matrix metalloproteinase (MMP) degradable linker sequences were used as blank slate (Fig. 1). Together with the immobilized prototypic integrin binding site RGD these low stiffness hydrogels (30-250 Pa) provide minimal requirements for the adhesion, spreading and migration of mesenchymal cells174, 222, 223. 
To study the interactions of hBM-MSCs and HUVECs within our TG-PEG hydrogels we 3D encapsulated single cell suspensions of both cell types individually or as co-culture in a 1:1 ratio. Cultures were conducted in presence of the pro-vasculogenic and pro-mesenchymal growth factor FGF-2. While the formation of cellular networks was determined after 3 days of culture (Fig. 2a), cellular dynamics were continuously evaluated by time-lapse microscopy (Fig. S1, supporting 
figures are found at the end of this chapter and at pages 55-56). In accordance with the study by Moon et al.91, where a 10-fold higher concentration of cells in a similar MMP-sensitive but UV-cross-linked PEG hydrogel matrix was used, we show that HUVECs in mono-culture do actively migrate in our MMP-sensitive PEG hydrogels for an initial phase of 24 h (Fig. S1A). However, in this ECM-free environment HUVECs do not fuse into cord-like structures as shown by F-actin 
visualization and immunofluorescence staining of the endothelial-specific marker CD31 (Fig. 2A, 
upper row), indicating that in contrast to short-term mono-cultures in collagen63 matrix related features are missing. In contrast, hBM-MSCs comparable to other mesenchymal cells start spreading only a couple of 
MMP-sensitive TG-PEG 
Lys-RGD
Endothelial cells
Mesenchymal stem cells
Figure 1: Scheme of the artificial minimal 3D tissue-like environment. TG-PEG hydrogels are formed by the cross-linking of 8-PEG-MMP
sensitive
-
Lys and 8-PEG-Gln precursors via FXIIIa transglutamination. The cell adhesion peptide Lys-RGD is cross-linked into the gel at the same time. 
Endothelial cells and mesenchymal stem cells (MSC) are 3D encapsulated in TG-PEG hydrogels during the gelation process.
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hours after encapsulation and form a stable cellular network when cultured as mono-culture in PEG hydrogels (Fig. 2A, middle row and Fig. S1B). Furthermore, when hBM-MSCs and HUVECs were co-cultured in a 1:1 ratio a cellular network was formed as well (Fig. 2A, lower row and Fig. 
S1C). The contribution of HUVECs to cellular networks in the co-culture can be identified by the 
endothelial-specific marker CD31 (Fig. 2A lower panel). While in hBM-MSC mono-cultures cellular networks are just positively stained for F-actin and are negative for CD31, in co-cultures CD31-positive stained HUVECs are part of the overall cellular network and form cord-like structures. In this way we show that HUVECs indeed fuse and form CD31-positive cord-like structures in the presence of hBM-MSC. Live/Dead staining of corresponding hydrogels support our observations by indicating that the amount of live cells in co-cultures was much higher than in HUVEC mono-cultures (see Fig. 2B). This is in agreement with previous studies in semi-synthetic hydrogels (PEG-Heparin, PEG-Collagen, GelMA) where the presence of mesenchymal cells including 10T1/2 
cells, human fibroblasts and MSCs74, 78, 85 supported the formation of microvascular structures by HUVECs or late outgrowth endothelial cells (OECs). Similarly, in fully synthetic hydrogels the presence of mesenchymal lineage cells could stabilize cord-like structures by HUVECs in vitro91-93, 219-221. Therefore, the presence of human BM-MSCs was necessary to support EC survival and facilitate the formation of viable microvascular-like structures in fully synthetic PEG hydrogels.
3D MSC mono-cultures can be osteogenically differentiated in synthetic PEG hydrogelsIt is generally assumed that MSCs, much like the comparably better characterized hematopoietic stem cells, reside in their niche in an undifferentiated state and become mobilized by growth 
Figure 2: MSCs enable HUVECs to fuse into microvascular-like structures. A) Mono-cultures of HUVECs (upper row), MSCs (middle row) and 
1:1 co-culture MSC/HUVEC (lower row) after 3 days of culture in PEG hydrogels. Cells have been stained for F-actin (red) and CD31 (green). 
Images depict Z-projections of confocal stacks through 150 µm. Scale bar: 500 µm. B) Live/Dead staining of corresponding hydrogels at day 
6. Scale bar: 500 µm.
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factor signals. In the early phase of inflammation, factors such as the platelet derived growth factor (PDGF) are released from alpha granules and have been described to mobilize and attract MSCs123, 224-226. Subsequently, mitogenic factors such as FGF-2 encourage MSCs to proliferate. Interestingly, FGF-2 has been described not just to act as mitogenic factor on MSCs but also to maintain their stem cell capacity in vitro by suppressing lineage differentiation227-231. Therefore, FGF-2 has been used widely to expand MSCs in vitro. Once MSCs have been recruited to a wound BMP-2 stimulates the osteogenic differentiation of MSCs in the healing process. In order to mimic the differentiation behavior of mobilized MSCs in synthetic PEG hydrogels, mono-cultures of hBM-MSCs were 3D encapsulated and cultured for 14 days in presence of FGF-2 and/or BMP-2. As shown by alkaline phosphatase (ALP) enzyme activity, an early marker of osteogenic differentiation, BMP-2 promotes while FGF-2 does not induce the osteogenic differentiation of hBM-MSCs in hydrogels (Fig. 3A). The absence of osteogenic differentiation by FGF-2 was expected but interestingly FGF-2 also interferes remarkably with the BMP-2 induced ALP activity. This indicates that FGF-2 in herein 
used concentration could efficiently suppress the BMP-2 induced osteogenic differentiation of 
MSCs when applied simultaneously with BMP-2. These findings are consistent with the known function of FGF-2 to suppress osteogenic differentiation of MSCs in vitro and to maintain their stem cell capacity228, 232, 233. To further confirm the growth factor mediated differentiation behavior of hBM-MSCs in our PEG hydrogel we analyzed the mRNA expression levels of osteogenic markers including alkaline phosphatase liver/bone/kidney (ALPL), runt-related transcription factor 2 (RUNX2), osteopontin (SPP1) and osteocalcin (BGLAP) by qRT-PCR (Fig. 3B). While indeed 
all analyzed genes were significantly induced by BMP-2, FGF-2 did not result in any significant change compared to the control. Nevertheless, osteopontin and osteocalcin mRNA levels seem to 
be slightly increased by FGF-2. Therefore, our measured mRNA expression experiments confirm that the BMP-2 induced expression of the osteogenic markers is counteracted by FGF-2 when both growth factors were present at the same time. This result suggest that to take advantage of both the mitogenic effect of FGF-2 and the differentiation capacity of BMP-2 the sequential availability of FGF-2 and BMP-2 might be required for osteogenic MSC differentation. Indeed, a recent in vitro study showed that the sequential release of FGF-2 followed by BMP-2 from microspheres promoted ALP expression and osteogenic differentiation in low seeding density MSC cultures. In contrast the sequential release of BMP-2 followed by FGF-2 (as well as their parallel release) 
showed significantly less differentiation234.  Taken together our results confirm that BMP-2 can stimulate the osteogenic differentiation of hBM-MSCs in fully synthetic PEG hydrogels comparably to what has been observed in other PEG hydrogel matrices235, 236. On the other hand, FGF-2 can be used to maintain hBM-MSCs in PEG gels in a non-osteogenic differentiated state. Moreover, while it has been shown that FGF-2 not only suppresses dedifferentiation of hBM-MSCs but also enhances their chondrogenic potential237-240 we show in Figure 3C that 14 days after culture in FGF-2 hBM-MSCs can still be adipogenically and osteogenically differentiated indicating the maintenance of their multipotency. 
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MSCs can be osteogenically differentiated in 3D co-cultures with endothelial cellsTo establish minimal 3D in vitro bone marrow-like and bone tissue-like environments we aimed to combine the supportive role of hBM-MSCs for ECs to form a vascular network with their potential for osteogenic differentiation (as shown individually in Fig. 2 and Fig. 3). Therefore, we established co-cultures consisting of hBM-MSCs and HUVECs and examined them for osteogenic differentiation in PEG hydrogels. Single cell suspensions of hBM-MSC of different donors and HUVECs were 3D encapsulated in hydrogels and cultivated for 14 days in the presence of BMP-2 and/or FGF-2. Subsequently, ALP activity was examined in these co-cultures (see Fig. 4). While mono-cultures of hBM-MSC without growth factors did not show ALP activity (Fig. 3A) we observed a basal activity of ALP in co-cultures without growth factors (Fig. 4A). It has been shown that HUVECs can produce BMP-2241, 242 and induce ALP activity in BM-MSCs241, 243, adipose-derived stem cells242 and osteoblasts 244 when co-cultivated. However, in two of these studies it was also shown that HUVECs themselves have weak but detectable amounts of ALP242, 243. Importantly, when we actively differentiated co-cultures by means of BMP-2, ALP was strongly induced (Fig. 4A). Similar to our results for mono-cultures the effects of BMP-2 were disabled when co-cultures were simultaneously cultivated with BMP-2 and FGF-2. The opportunity to osteogenically differentiate co-cultures by BMP-2 as well as the counteracting effect of FGF-2 on BMP-2 in 3D co-cultures was 
Figure 3: Osteogenic differentiation of MSC mono-cultures in PEG hydrogels. MSCs were cultivated for 14 days inside PEG hydrogels in the 
presence of BMP-2 (100 ng ml-1) or/and FGF-2 (50 ng ml-1) in the culture medium. A) Whole hydrogels were analyzed for the induction of ALP 
(purple color indicates ALP enzymatic activity). Scale bar: 3 mm. B) Gene expression of osteogenic markers in PEG hydrogels measured by 
means of qRT-PCR and normalized on GAPDH expression. Bars represent mean values ± SD, n = 3. One way ANOVAs: Alkaline Phosphatase, 
p = 0.0002; RUNX2, p = 0.0066; Osteopontin, p = 0.0024; Osteocalcin, p = 0.0172. Bonferroni’s post hoc test * p ˂ 0.05; ** p ˂ 0.01; *** p ˂ 
0.001. C) After 14 days of FGF-2 culture in PEG hydrogels, MSCs can still be differentiated inside hydrogels. Lipid staining (Oil Red O) and ALP-
activity test of control cultured and adipogenic or osteogenic induced hydrogels reveal differentiation capacity after 12 days of differentiation 
in 3D. Scale bar: 100 µm
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confirmed by quantitatively analyzing ALP activity (Fig. 4B). Moreover, we show that the pattern of differentiation by BMP-2 and its prevention by FGF-2 could be followed for 4 weeks of in vitro culture (Fig. S2). 
3D co-cultures can be directed towards osteogenically differentiated or undifferentiated 
vascularized constructs In order to evaluate whether microvascular structures are present in our model after 14 days of osteogenic differentiation, co-cultures of hBM-MSCs and HUVECs were 3D encapsulated in PEG hydrogels and cultivated in the presence of BMP-2, FGF-2 or both factors. Subsequently, all cells 
were visualized by F-actin staining while HUVECs were specifically labeled by CD31. The effects of BMP-2 and FGF-2 on the formation of CD31-positive endothelial structures in 3D co-cultures are depicted as confocal Z-projections (Fig. 5A). Experiments were carried out with different hBM-MSC donors and quantitatively analyzed based on the absolute length of all CD31-positive structures per area (Fig. 5B) and the average length of individual CD31-positive structures (Fig. 5C). While hydrogels cultivated in the absence of growth factors barely show cord-like structures, BMP-2 and FGF-2 induced the formation of CD31-positive microvascular-like structures. Our data show 
that BMP-2, similarly to the well-known pro-vasculogenic factor FGF-2, significantly enhances the formation of microvascular-like structures in 3D co-cultures. BMP-2 has previously been shown to promote angiogenesis ex vivo in mouse bones explants245. Moreover, in vitro BMP-2 directly activated ECs and promoted migration in transwell and scratch migration assays246 as well as the formation of microvascular structures on matrigel247, 248. However, in our hydrogels the stimulation 
with BMP-2 or FGF-2 is not sufficient to support the formation of vascular structures by HUVECs in mono-cultures (Fig. S1A; data not shown for BMP-2). Thus, besides potential direct effects on 
Figure 4: ALP activity of MSC/HUVEC co-cultures in PEG hydrogels. Co-cultures were cultivated for 14 days inside PEG hydrogels in the pres-
ence of BMP-2 (100 ng ml-1) and/or FGF-2 (50 ng ml-1) followed by analysis of ALP activity. A) Colorimetric evaluation of ALP induction in MSC/
HUVEC 1:1 co-culture (purple color indicates ALP enzymatic activity) using 4 different MSC clones. Scale bar: 2 mm. B) Quantitative ALP activ-
ity assay in corresponding co-cultures. ALP activity values were normalized on DNA content of the samples. Bars represent mean values ± SD, 
n = 4. One way ANOVA p = 0.0001. Bonferroni’s post hoc test * p ˂ 0.05; ** p ˂ 0.01; *** p ˂ 0.001. 
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HUVECs, growth factor effects mainly rely on the presence of hBM-MSCs. Since the combination of BMP-2 and FGF-2 does not exert an additive effect concerning microvascularization, it is likely that in response to each factor the MSC-derived cues promote EC functions via similar but here not characterized mechanism. In our study, we show that BMP-2 and FGF-2 have a vasculogenic effect in 14 days old co-cultures. Additionally, we show microvascularization can be easily followed up to 4 weeks in PEG hydrogels (Fig. S2). 
Co-cultures display microvascular-like phenotypes in PEG hydrogels To gain further insight into established heterocellular interactions in vascularized micro-environments, we assessed the spatial arrangement of hBM-MSCs with respect to HUVECs and show the details of microvascular structures on the cellular level by confocal and transmission electron microscopy (Fig. 6). 3D reconstruction of confocal Z-stacks show that in both osteogenic differentiated and FGF-2 maintained cultures CD31-positive endothelial cells have fused into 3D distributed microvascular structures. As revealed by high-resolution confocal images hBM-MSCs align along and spread between the endothelial networks thereby providing support for microvascular structures.
Figure 5: MSC/HUVEC co-cultures form microvascular structures in PEG hydrogels. Co-cultures of MSCs and HUVECs were cultivated for 14 
days in the presence of BMP-2 (100 ng ml-1) and/or FGF-2 (50 ng ml-1) followed by F-actin (red) and CD31 (green) labeling. A) Images depict Z-
projections of confocal stacks through 150 µm. Scale bar: 500 µm. B) Quantification of the absolute length of all CD31-positive microvascular 
structures/mm2. Bars represent mean values ± SD, n = 8. One way ANOVA p = 0.0005. Bonferroni’s post hoc test * p ˂ 0.05; ** p ˂ 0.01; *** p 
˂ 0.001. C) Quantification of the average length of single CD31-positive microvascular structures. Bars represent mean values ± SD, n = 8. One 
way ANOVA p = 0.0015. Bonferroni’s post hoc test * p ˂ 0.05; ** p ˂ 0.01.
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During vasculogenesis and sprouting angiogenesis, newly formed vascular networks need to establish a continuous luminal space. In vitro and in vivo it has been shown that lumen formation in endothelial cells occurs by the generation and fusion of intracellular vesicles62, 249. High-
magnification confocal images of our 3D co-cultures suggest the formation of lumen in microvascular structures as well as a perivascular localization of hBM-MSCs (Fig. S3A). In order to prove real vacuole formation in microvascular structures we further analyzed 3D co-cultures by means of transmission electron microscopy (Fig. 6). In fact, co-cultures display a capillary phenotype, including the formation of lumens in endothelial cells, their stabilization by perivascular localized hBM-MSCs, which are only separated by a basal membrane like ECM structure, and the deposition of ECM in the extracellular space (see also Fig. S3B). These structures are comparable to those observed when ECs were co-cultured with mesenchymal cells in ECM-derived hydrogels58, 63, 250. 
Figure 6: Morphology of microvascular structures in 14 days old co-cultures. Co-cultures have been cultivated in the presence of BMP-2 (up-
per panel) or FGF-2 (lower panel) and stained for F-actin (red) and CD31 (green). 3D reconstruction of confocal Z-stacks at low magnification 
(XYZ: 1.5 mm x 1.5 mm x 0.15 mm) and high magnification (XYZ: 246 µm x 246 µm x 50 µm). Lumen formation in microvascular structures and 
perivascular localization of MSCs are confirmed by transmission electron microscopy (L: Lumen; EC: Endothelial cells; PC: Perivascular cell; 
Arrows indicate ECM deposition). Scale bar TEM: 2 µm.
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Synthetic materials based MSCs and ECs co-cultures as in vitro bone model Importantly, our co-cultures are based on synthetic materials which do not contain any matrix 
components and only provide defined integrin signaling cues. Therefore all matrix associated and soluble signals within the system are either cell derived or provided with the cell culture medium. Such a model will clearly help deciphering reciprocal signals between MSCs and ECs as it is amenable to analysis using different approaches. Since cells can easily be harvested by digestion 
of the hydrogel matrix, the influence of co-culture on cellular phenotypes can be characterized by 
flow cytometry, RT-PCR or biochemical means. For the evaluation of cell dynamics and positional arrangement of MSCs with different phenotypic or functional properties within the system time-lapse or confocal imaging can be conducted. Therefore our in vitro bone models could be used for higher throughput testing of therapeutic molecules using primary human cells from healthy donors or patients with regenerative disorders under standardized in vitro conditions and without the need of ethically problematic animal trials.
Additionally, the combination of matrices with immobilized microenvironment specific signals 
with 3D patterning and manufacturing technologies would allow the recreation and specific manipulation of complex vascularized bone models in vitro. In this regard, we have recently 
established systems for the covalent or affinity based immobilization of growth and differentiation factors as well as strategies to position cells and materials by various manufacturing processes115, 123, 251. These approaches can be applied on the here described 3D bone tissue-like constructs to form spatially organized bone models.
Figure 7: Scheme of the established osteogenic 3D environment. Dual role of MSCs enables the formation of microvascularized osteogenic 
tissue-like modules in synthetic PEG matrices. Endothelial cells (rose) self-organize into microvascular structures in the presence of hBM-MSCs 
(blue). Simultaneously, hBM-MSCs can be osteogenically differentiated by BMP-2 (dark blue) or maintained undifferentiated by FGF-2 (light 
blue).
FGF-2
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ConclusionWe have established microvascularized 3D tissue models, in which MSCs support ECs and can be simultaneously osteogenic differentiated or prevented from osteogenic differentiation (Fig. 7). 
Thus we recapitulate some of the features of native bone tissue in an artificial microenvironment by combining vasculogenic and osteogenic processes in PEG hydrogels. These 3D models offer 
great advantages as they are established under fully defined ECM-free conditions and therefore will allow the deciphering of reciprocal endothelial and mesenchymal cells signals in absence of confounding matrix properties. 
Experimental section
Cell CultureHuman bone marrow-derived mesenchymal stem cells (hBM-MSC) were isolated as described previously194 from bone marrow aspirates of healthy donors (n=4) obtained during orthopedic surgical procedures after informed consent and in accordance with the local ethical committee (University Hospital Basel; Prof. Dr. Kummer; approval date 26/03/2007 Ref Number 78/07). hBM-MSCs were maintained in MEM alpha (with nucleosides, Gibco) supplemented with FBS (10%, Gibco), penicillin (100 U ml-1, Gibco), streptomycin (100 µg ml-1, Gibco), and FGF-2 (5 ng ml-1, PeproTech). Human umbilical vein endothelial cells (HUVEC, PromoCell) were maintained in EGM-2 (EBM-2 basal medium supplemented with the EGM-2 SingleQuots growth factor kit, both 
from Lonza) and FCS (10%). All cells were cultured at 37°C in a humidified atmosphere at 5% CO2.
Hydrogel formation and culture1 mL of FXIIIa (200 U ml-1, Fibrogammin, CSL Behring) was activated with 100 µl of thrombin (20 U ml-1, Sigma–Aldrich) for 30 min at 37 °C. Small aliquots of FXIIIa were stored at −80°C for 
further use. Hydrogels with a final dry mass content of 1.9% were prepared by stoichiometrically balanced ([Lys]/[Gln] = 1) precursor solutions of n-PEG-Gln and n-PEG-MMP-sensitive-Lys (previously described174, 222) in 50 mM Tris buffer pH 7.6 containing 50 mM CaCl2. Additionally, 
Lys-RGD to a final concentration of 50 µM and cells to final concentration of 3x106 ml-1 were added. Subsequently, the cross-linking reaction was initiated by addition of 10 U ml-1 FXIIIa. Disc-shaped matrices were obtained by sandwiching the liquid reaction mixtures between hydrophobic glass microscope slides (treated with SigmaCote, Sigma-Aldrich) separated by 0.95 mm thick spacers, clamped with binder clips, and incubated for additional 15 min at 37°C. Finally, hydrogels were 
released from glass slides and transferred to cell culture plates and cultured at 37°C in a humidified atmosphere at 5% CO2.3D mono- and co-cultures were maintained in a combination medium of 4:1 MEM alpha:EGM-2 and FCS (10%), penicillin (100 U ml-1), streptomycin (100 µg ml-1) and FGF-2 (50 ng ml-1).For osteogenic differentiation experiments, hydrogels containing cells were cultured in the 
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following medium: MEM alpha (with nucleosides), FCS (10%), penicillin (100 U ml-1), streptomycin (100 µg ml-1), 10 mM HEPES, 1mM sodium pyruvate, 2 mM L-glutamine, L-ascorbic acid (50 µg ml-1) and 10 mM β-glycerol phosphate. The following recombinant human growth factors were used for osteogenic differentiation experiments: BMP-2 (100 ng ml-1, produced as previously described previously252), FGF-2 (50 ng ml-1, PeproTech). Medium and growth factors were replaced every 7 days.
Live/Dead stainingThe viability of cells in hydrogels was evaluated with the LIVE/DEAD® Viability/Cytotoxicity Kit (Molecular Probes) based on calcein-AM and ethidium homodimer-1 staining. Hydrogels 
were washed twice with PBS and stained with green-fluorescent calcein-AM (1:2000) and red-
fluorescent ethidium homodimer-1 (1:500) for 20 min in serum-free MEM alpha. Subsequently 
fluorescence images were recorded by an upright fluorescence microscope (DM 5500B, Leica). Images were processed by using ImageJ software (Fiji version 1.48.u, April 2014). 
Time-lapse microscopyAfter formation, hydrogels were mounted on an inversed microscope (Axiovert 200M, Carl Zeiss) 
at 37°C in a humidified atmosphere at 5% CO2 and 20% O2. Cell performance in hydrogels was 
followed by acquiring bright field images every 20 min for 72 h. Images were processed and assembled into time-lapse videos by using ImageJ software (Fiji version 1.48.u, April 2014). 
Colorimetric staining of alkaline phosphatase and measurement of alkaline phosphatase 
activity ALP staining was performed using SIGMAFAST BCIP/NBT tablets (Sigma- Aldrich). Medium was removed from cell culture wells and the hydrogels were washed with PBS. To each well 300 µl of ALP substrate solution diluted according to the manufacturer’s protocol was added. After 7 min 
the gels were washed with phosphate buffered saline (PBS) once and hydrogels were fixed by 4% paraformaldehyde (PFA) for 20 min at RT. Whole hydrogels were imaged with a digital camera (HDR XR 500, Sony).To measure ALP activity, the medium was removed from the wells and the gels were washed with PBS once. Subsequently, gels were digested in 100 µl collagenase A (2 mg ml-1, Roche) for 30 min at 37°C. Next, cells were collected in 500 µl lysis buffer (0.56 M 2-amino-2-methyl-1-propanol, 0.2% Triton X-100, pH 10 in H2O) and homogenized for 30 sec with a homogenizer (TH220, Omnilab). The cell lysate was centrifuged at 16000 g for 10 min and the supernatant was collected. 50 µl ALP reagent (20 mM 4-nitrophenyl phosphate disodium salt hexahydrate, 4 mM MgCl2 in lysis buffer) was added to 50 µl cell lysate in 96-wells and incubated at 37°C for 10 min before the reaction was stopped by the addition of 100 µl NaOH (1 M). Finally, absorbance was measured at 410 nm with a microplate reader. ALP activity data were normalized on the relative DNA content that 
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was measured in cell lysates by the CyQuant NF cell proliferation assay kit (C35006, Molecular Probes). Data are shown as mean values ± SD. Mean values were compared by one-way analysis of variance (ANOVA) using GraphPad Prism (GraphPad software version 5.04, San Diego California, 
USA) followed by Bonferroni’s post hoc test to judge statistical significance. Statistical significance was accepted for p < 0.05.
Gene expression analysis using qRT-PCRTo measure the expression of osteogenic markers in 3D-PEG gels we encapsulated hBM-MSCs 
(n=3) in PEG gels at a final concentration of 1.5x106 ml-1. Gels were cultured for 14 days in the presence of BMP-2, FGF-2 or both growth factors. Subsequently, gels (40 µl) were digested in 50 µl collagenase A (2 mg ml-1, Roche) for 30 min on ice. Next, cells were pelleted by a benchtop centrifuge (5415 R, Eppendorf) and total RNA was isolated from the cells by the RNeasy Micro Kit (Qiagen) according to the manufacturer’s instructions. For quantitative real-time PCR (qRT-PCR) 200 ng RNA were converted into 40 µl cDNA by means of the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). qRT-PCR was carried out using TaqMan Universal PCR Master Mix (Applied Biosystems) and the StepOnePlus Real-Time PCR System (Applied Biosystems). The following TaqMan primer/probe sets were used for gene expression tests: Hs01029144_m1 (ALPL); Hs00959010_m1 (SPP1); Hs01587814_g1 (BGLAP); Hs01047973_m1 (RUNX2). Data were normalized on Hs02758991_g1 (GAPDH) and relative gene expression was calculated by the comparative Ct method. 
Multi-lineage differentiation
hBM-MSCs were encapsulated in PEG gels at a final concentration of 1.5x106 ml-1 and cultured for 14 days in MEM-alpha (with nucleosides), FCS (10%) with 50 ng ml-1 FGF-2. Afterwards differentiation was induced and analyzed as follows: For osteogenic differentiation, gels were cultured in the described osteogenic medium supplemented with 100 ng ml-1 BMP-2 and analyzed for ALP activity after 12 days as described above. For adipogenic differentiation, gels were cultured in control medium containing DMEM (low glucose, pyruvate), FCS (10%), penicillin (100 U ml-1), streptomycin (100 µg ml-1) or in adipogenic medium containing DMEM (low glucose, pyruvate), FCS (20%) penicillin (100 U ml-1), streptomycin (100 µg ml-1), 10 µg ml-1 insulin (Sigma-Aldrich) 0.5 mM 3-Isobutyl-1-methylxanthin (Sigma-Aldrich), 0.1 mM indomethacin (Sigma-Aldrich) and 1µM dexamethasone (Sigma-Aldrich). After 12 days of adipogenic differentiation, gels were fixed in 4% PFA for 30 min at RT, washed twice by ddH2O, incubated 10 min in 60% isopropanol and stained for 15 min with Oil Red O (1.8 mg ml-1 in 60% isopropanol). Subsequently, gels were washed by tap water and imaged by an inversed microscope (Axiovert 200M, Carl Zeiss). 
Immunofluorescence and confocal laser scanning microscopy (CLSM)
For immunofluorescence staining, hydrogels were washed once with PBS followed by fixation in 
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4% PFA for 30 min at RT. Fixed gels were washed twice with PBS and permeabilized in 0.3% Triton X-100/PBS (Sigma) containing 1% BSA (Albumin Fraction V, AppliChem) for 30 min at RT. Afterwards hydrogels were incubated with mouse monoclonal antibody to CD-31 (555444, BD Biosciences) at 1:150 in 1% BSA/PBS over night at 4°C. Next hydrogels were washed 3 times with PBS and incubated with Alexa Fluor 488-conjugated goat polyclonal anti-mouse antibody at 1:300 (150113, Abcam) and with Rhodamine phalloidin at 1:500 (R415, Molecular Probes) in 1% BSA/PBS over night at 4°C. Stained hydrogels were washed with PBS for 3 h prior to image acquisition.Confocal images were acquired by an inverted laser-scanning microscope (TCS SP5, Leica). If not differently indicated Z-Stacks with a height of 150 µm were taken by recording 50 planes at 3 µm Z-steps. Images were processed with ImageJ software (Fiji version 1.48.u, April 2014) and depicted as Z-projections. The overall length of microvascular structures per mm2 and the average length of individual microvascular structures were measured by the AngioQuant tool253 in Matlab (version R2013b, MathWorks Inc, USA). All data are shown as mean values ± SD. Mean values were compared by one-way analysis of variance (ANOVA) using GraphPad Prism (GraphPad software version 5.04, San Diego California, USA) followed by Bonferroni’s post hoc test to judge statistical 
significance. Statistical significance was accepted for p < 0.05.
Transmission electron microscopy (TEM)
For TEM microscopy, hydrogels were washed once with PBS followed by fixation in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4, 540 mOsmol kg-1 H2O). Hydrogels were washed 3 times in 0.1 M sodium cacodylate buffer (pH 7.4, 340 mOsmol kg-1 H2O) and postfixed in 1% OsO4 (in 0.1 M sodium cacodylate buffer pH 7.4, 340 mOsmol kg-1 H2O). Hydrogels were again washed 3 times in 0.1 M sodium cacodylate buffer (pH 7.4, 340 mOsmol kg-1 H2O) and subsequently gradually dehydrated by an increasing concentration series of ethanol as follows: 70%, 80%, 90%, 
96% for 30 min and finally twice in 99% and 100% for 15 min. Last, ethanol was replaced by 100% acetone. Finally, specimens were embedded in epoxy resin. Ultrathin sections were obtained at 70 nm thickness on a microtome (Ultracut S, Reichert) and images were obtained using an electron microscope (EM 400T, Philips) and Morada Soft Imaging System (Olympus).
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Supporting figures
Figure S1: Behavior of HUVEC and MSC mono-cultures or MSC/HUVEC co-cultures in PEG hydrogels visualized by time-lapse microscopy. 
Cells were 3D encapsulated in hydrogels at a cell concentration of 3 Mio/ml and cultivated for 3 days in the presence of FGF-2 (50 ng ml-1). 
Images were taken every 20 min. Displayed here are images after 0, 72 and 144 h of culture. Scale bars: 200 µm. A) HUVEC mono-culture. B) 
MSC mono-culture. C) 1:1 MSC/HUVEC co-culture. 
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Figure S3: Lumen formation in microvascular structures, perivascular localization of BM-MSCs and fibrillary ECM in 14 days old co-cultures. 
A) F-actin cytoskeleton (red), CD31 (green) and nuclei (blue) were visualized by confocal microscopy. Scale bar: 20 µm. B) L: Lumen; EC: Endo-
thelial cell; PC: Perivascular cell. Visualized by transmission electron microscopy (TEM). Scale bar: 2 µm.
Figure S2: Microvascularization and differentiation pattern in co-cultures are stable for 4 weeks. Co-cultures were cultivated for 28 days 
inside PEG hydrogels in the presence of BMP-2 (100 ng ml-1) and/or FGF-2 (50 ng ml-1) followed by analysis of ALP activity (scale bar: 2 mm) and 
evaluation for microvascularization by CD31/F-actin immunofluorescence. Confocal images depict Z-projections of confocal stacks through 
150 µm. Scale bar: 500 µm
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Chapter IV: 
Synthesis, Conclusions and Outlook
Micro-capillary networks engineered in synthetic ECM-free hydrogels
The presented thesis is directed towards the development of vascularized tissue mimics in fully 
synthetic materials. Consequently, the centerpiece of this thesis is the establishment of artificial blood vessel capillaries in ECM-free 3D scaffolds. Since the late 1980s, myriads of studies have 
used fibrin and collagen type 1 hydrogels as scaffolds to engineer 3D capillary networks. To date, these two ECM proteins are still the basis for the vast majority of vascular engineering studies, 
regardless of whether for in vivo or in vitro applications. Especially for 3D in vitro assays, fibrin and collagen type 1 hydrogels are the superior materials as stated by the American Heart Association in 2015122. Although ECM hydrogels have provided invaluable insight into basic vascular biology, they possess several drawbacks including batch-to-batch variability, inherent unwanted biological properties, low levels of design freedom and the animal/human origin. These drawbacks not only impede the applicability of ECM hydrogels for tissue models, but also as matrices to elucidate niche signals and cell-matrix interactions involved in vascular biology. In contrast, fully synthetic, 
ECM mimetic hydrogel materials are flexible in design, biologically inert and chemically defined. These material features facilitate the application of materials engineering, but they also make 
biological modifications necessary to render synthetic hydrogels biocompatible. Furthermore, as they are produced from scratch, synthetic hydrogels are free of animal products and biological confounding signals, which is important for the reproducibility and medical relevance of tissue models. Not just produced synthetically but also free of any ECM components, poly(ethylene 
glycol) (PEG) hydrogels are inert matrices that facilitate the study of cells in specifically engineered microenvironments. In this thesis, we successfully established 3D micro-capillary networks in PEG-hydrogels, which 
are biologically modified by the fibronectin-derived adhesion peptide RGD and by MMP-sensitive 
peptide sequences. These two minimal modifications are sufficient for the cell-autonomous arrangement of endothelial and perivascular support cells into micro-capillaries. It is important to visualize that a) the self-assembly of monodispersed, hydrogel-embedded cells into capillary networks necessarily requires 3D cell migration and that b) the pore size of the cross-linked PEG matrix is a magnitude of order smaller than a cell itself. Hence, the locally MMP-mediated degradation of PEG-hydrogel is vital for capillary formation, and such is the case for all morphogenic events that require cell migration. Consequently, blocking MMPs resulted in failed capillary network formation. We further found that higher PEG material density (equivalent to higher cross-linking density and stiffer PEG-hydrogels) adversely affects capillary formation. However, it is not well understood whether the denser matrix itself or the corresponding higher material stiffness is responsible for the inhibition of capillary formation. Interestingly, the pro-migratory factor FGF-2 strongly induced micro-capillary network formation, which supports the observation that capillary 
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formation is most efficient if culture conditions best support cell migration. In our experiments, we engineered capillary networks by co-culturing endothelial cells with mesenchymal lineage cells. It is important to keep in mind that even though FGF-2 has known effects on both cell types, 
the question of which cell type is more heavily influenced remains unanswered. Furthermore, the 
effect of FGF-2 seems to be rather unspecific since other pro-vascular growth factors (GF) can also induce the formation of micro-capillary networks in PEG-hydrogels (Fig. 1). The observation that 
both a mesenchymal cell activating GF (PDGF-BB) as well as an endothelial cell activating GF (less 
efficient, VEGF165) support capillary formation suggests that a general activation of the system 
might be more important than very specific growth factor effects. Hence, the use of pro-vascular GFs might become less essential if the culture conditions would be adjusted towards a more rapid/easy cell-cell assembly. One way to achieve such conditions would be to uncouple cell migration from (MMP-mediated) matrix degradation by e.g. a matrix pore size that is the same order of magnitude as cells. However, this approach would involve the development of a completely new PEG-hydrogel system. A less arduous way to facilitate a more rapid cell-cell assembly is to initially bring cells closer together by increasing their embedding density. While this approach is feasible, it has not been chosen in the presented thesis since high cell densities markedly impaired the quality of whole mount confocal microscopy in the Z-direction. Besides adjusting the cell density or using other pro-vascular GFs, the initial endothelial/mesenchymal cell ratio could also be 
modified. In our experiments we chose a ratio of 1:1 since it worked well and was sufficient to adequately monitor events in both cell types. Varying this cell ratio mildly in both directions would still allow for the formation of micro-capillary networks. However, a strong excess of mesenchymal cells will not lead to capillary network formation due to little numbers of endothelial cells, which could be solved by a higher total cell density. Vice versa, strongly increasing the ratio towards endothelial cells will also inhibit capillary formation due to missing vessel maturation signals 
Figure 1: 3D micro-capillary network formation in PEG-hydrogels as function of growth factor stimulation. Representative images of CD31-
immunostained micro-capillary networks. All images depict Z-projections of 100 µm Z-stacks and are obtained after 7 days of culture. Scale 
bar, 200 µm. Cultures were conducted using indicated concentrations of FGF-2, VEGF
165 
or PDGF-BB. Quantitative analysis of the absolute 
length of CD31-positve networks depending on growth factor stimulation (n = 8 samples from 4 donors. ANOVA with Bonferroni’s post hoc 
test **** p < 0.0001; Box plots show 25th and 75th percentiles with whiskers at 5th and 95th percentiles, median (line) and mean (+)). Experi-
mental conditions and read-out details are same as for Figure 3A of Chapter 2.
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from the mesenchymal cells, which are especially important in our MMP-sensitive assay to calm the proteolytic overshoot of endothelial cells. While this is a strong limitation of our PEG system, it is also generally true that 3D in vitro assays with endothelial monocultures are not capable of forming stable capillaries. Hence, without such monoculture control groups it remains 
difficult to e.g. decipher the actual effect of pro-vascular GF activities in complex, multicellular cultures or tissue models. On the other hand, the fact that capillary formation strongly depends on mesenchymal support cells emphasizes their importance in vascular biology. In summary, we show that PEG-hydrogels can be used as a robust tool for micro-capillary network engineering. Although we unfortunately did not directly compare them to natural ECM hydrogels, we believe that synthetic PEG-hydrogels have the potential to replace ECM hydrogels for 3D in vitro vascular biology assays if needed. 
Perivascular fate and ECM switch of MSCs in micro-capillary networks
Endothelial capillary formation and stabilization depend on support cells from the mesenchymal lineage. In vivo, perivascular cells being pericytes or vascular smooth muscle cells (VSMCs) represent these support cells. However, the functions of perivascular cells are versatile and probably include more than cell assistance and contractile regulation. In this regard, it is suggested that perivascular cells might have mesenchymal tissue progenitor functions. This assumption is based on the two facts that a) in vivo mesenchymal stem cells (MSCs) reside in the perivascular environment of blood capillaries and that b) in vitro MSCs can functionally behave as perivascular-like cells. However, the actual relationship between perivascular cells and MSCs is constantly debated and remains elusive. In the presented thesis, we took advantage of the perivascular-like capacity of BM-MSCs to engineer micro-capillary networks. In contrast to other studies following a similar concept we did not primarily focus on the endothelial component of these capillary networks, but rather on the fate that BM-MSCs undergo in the perivascular microenvironment. To do so we isolated BM-MSC from engineered micro-capillary networks and compared their gene expression to monocultured BM-MSCs. Our results show that BM-MSCs from co-cultures underwent transcriptome changes towards the perivascular lineage. Besides several perivascular markers, we found a prominent switch in ECM gene expression towards a vascular basement membrane phenotype within BM-MSCs. It is important to note that we do not know whether this 
switch is MSC-specific or universal for cells in contact with endothelial capillaries since we did not 
carry out control experiments with other perivascular cell types (pericytes, VSMCs or fibroblast). However, we showed that the ECM switch is dependent upon neither the source of MSCs nor the source of endothelial cells, which suggests that a rather general mechanism is behind it. In line with this, it was previously shown that bovine pericytes increased the expression of a subset of basement ECM genes when co-cultured with endothelial cells64. Although the specificity and 
mechanism behind the ECM switch cannot be conclusively clarified, we found good indications that cell-cell contacts play an important role in the BM-MSC regulation since the Notch pathway 
is involved. More specifically, we found many target genes of the Notch pathway to be strongly induced in BM-MSCs isolated from micro-capillary networks. Notch signaling in general depends 
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on the activation of membrane-bound Notch proteins by Notch-ligands that are presented on the surface of other cells. As a result, the intracellular domain of Notch proteins is cleaved from the membrane and activates the expression of target genes in the nucleus. In the case of perivascular cells, it is known that Notch family member Notch3 is activated by the Notch-ligand Jagged1, which is presented on the surface membrane of endothelial cells. Since the Jagged1/Notch3 axis is important for perivascular cell differentiation and regulation we asked whether the Notch pathway and the ECM switch are intertwined in BM-MSCs. To address this hypothesis we took advantage of the modular design of our PEG-hydrogel system and indirectly immobilized Jagged1 
into 3D hydrogels. By presenting Jagged1 to BM-MSC monocultures we confirmed our hypothesis 
and for the first time showed that the basement membrane ECM is induced via the Notch pathway. Although only addressed in BM-MSCs, this mechanism may also play a role in pericytes, VSMCs or in completely different cells of other tissue compartments that have a basement membrane ECM. However, even for the investigated BM-MSC we cannot say with absolute certainty that in our micro-capillary assays the Notch pathway is indeed responsible for the observed ECM switch. In this regard, it is conceivable that the Jagged1-induced ECM switch in monocultured MSCs only phenocopies our observation from co-cultured MSCs. To prove that the Jagged1/Notch3 axis is actually causing the ECM switch in co-cultures, depletion or silencing experiments of Jagged1 in endothelial cells and Notch components in MSCs are required. Additionally, chemical disruption 
or blockage of the Notch pathway in BM-MSCs could validate our findings.Taken together, we found that MSCs in the perivascular microenvironment undergo perivascular commitment including the induction of basement membrane ECM genes. Hence, MSCs likely contribute in a direct manner to the establishment of the vascular basement membrane ECM, which seems obvious but has not been shown thus far. Additionally, we found that MSCs reorganize their ion channel complexes, which suggests an adaption into a contractile cell phenotype. Although, it cannot be answered whether MSCs differentiate towards pericytes or VSMCs, the increased markers rather point to VSMCs. However, it is also possible and even likely that in our co-culture system MSCs differentiate into various cell types, which cannot be discriminated in the transcriptome analysis due to its averaging approach of the whole non-endothelial (CD31-negative) cell population. To more deeply analyze the fate of MSCs in the perivascular microenvironment, 
single cell transcriptome analysis, protein levels and in situ immunofluorescence analysis on the cellular level are required. Moreover, it would be extremely interesting to investigate how the tissue progenitor potential of MSCs is affected by their perivascular adaption. Have they lost their multipotent differentiation capacity in capillary networks? Or do they possess an increased differentiation capacity?
Towards vascularized tissue models in synthetic ECM-free hydrogels
In the last part of this thesis, we implemented the idea to build a vascularized model of osteogenic tissue. Our idea was to combine the tissue progenitor and the pro-vascular properties of BM-MSCs. We further aimed to osteogenically differentiate BM-MSCs while simultaneously using them as perivascular support cells. To achieve the differentiation of BM-MSCs we used the bone 
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morphogenetic protein 2 (BMP-2), which shows both osteogenic and pro-vascular effects in co-cultures of BM-MSCs and endothelial cells. As discussed above we cannot answer whether the pro-vascular effect of BMP-2 occurred directly in endothelial cells or indirectly via modulating BM-MSCs. The next conclusion arises from the idea of boosting micro-capillary network formation by adding FGF-2 in addition to BMP-2. Although slightly increasing the overall length of the micro-capillary networks, the combination of BMP-2 and FGF-2 markedly impaired the osteogenic differentiation of BM-MSCs in co- and monocultures. In fact, it is actually plausible that an osteogenic and a mitogenic GF (BMP-2 and FGF-2, respectively) interfere with each other since stem cells can either differentiate or self-renew. In this regard, very similar results were obtained by observing that the addition of PDGF-BB or EGF to BMP-2 prevents the BMP-2 mediated osteogenic differentiation of BM-MSCs as well (Fig. 2). Such crosstalk illustrates the importance of sophisticated GF-presentation strategies that allow the spatially separated presentation of multiple signaling cues. In contrast to many other materials, synthetic hydrogels have the potential to be tailored towards this direction. In this regard, our lab has previously developed several linker tools to immobilize GFs into 3D PEG-hydrogel115, 123, 177, 254. Although some of these tools have been applied for the localized presentation of GFs, the spatial resolution is low. Moreover, the simultaneous immobilization of two or more GFs, as it would be required for structured tissue, have yet to be established. Despite these current limitations, it would be interesting, for instance, to develop structured bone and bone marrow like tissues by e.g. antagonizing GF-gradients of BMP-2 and FGF-2.
The next conclusion is that fully exploiting the capacity of multipotent MSCs can indeed be 
beneficial for vascularized tissue models as it replaces the need of adding further perivascular cells. In theory, it would be even simpler to generate hetero-cellular tissue models by using induced pluripotent stem cells (iPSCs) instead of multipotent MSCs. In this case, the same original cell type could give rise to endothelial, perivascular, osteoblastic and other desired cells. While this approach would simplify the cellular conditions, the material challenges would be more demanding since the generation of different cell types from iPSCs requires the spatiotemporal presentation of differentiation cues. Although such 4-dimensional (4D) conditions are certainly 
Figure 2: Osteogenic differentiation of MSC mono-cultures in PEG hydrogels. MSCs were cultivated for 10 days inside PEG hydrogels in the 
presence of no growth factor, BMP-2 (100 ng ml-1) or/and FGF-2, EGF, PDGF-BB (each 50 ng ml-1) in the culture medium. Gene expression of 
osteogenic markers in cells retrieved from PEG hydrogels measured by means of qRT-PCR and normalized on GAPDH expression. Bars repre-
sent mean values ± SD, n = 3. One way ANOVAs: Alkaline Phosphatase (ALPL), p = 0.0001; RUNX2, p = 0.0009; Osterix, p = 0.0003. Bonferroni’s 
post hoc test ** p ˂ 0.01; *** p ˂ 0.001. Experimental conditions and read-out details are same as for Figure 3B of Chapter 3 except for the 
readout time point.
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the key to dynamic 3D microenvironments and next-generation tissue models, they are still 
far away from current standards. The temporal component in 4D models is especially difficult to achieve and to date only light- and temperature-inducible system with low 3D resolution are available to release GFs on external demand.Besides the randomly organized architecture, the main limitation of our vascularized tissue model is clearly the lack of perfusion. Vascularized tissue models ideally involve the perfusion of engineered blood vessels. To date several perfused, endothelialized tissue models exist thanks 
to microfluidics techniques. A feature that all these perfused vascular models have in common is 
the existence of micro-manufactured channels that can be connected to microfluidic systems and mimic large vessels. Therefore, the critical point when aiming for the perfusion of engineered micro-capillaries is their connection to big channels. All existing models that reach this level of complexity are engineered by using ECM hydrogels. However, since the fabrication of big channels is possible in PEG-hydrogels123, 251 the generation of perfused, endothelialized tissue models within synthetic materials is within reach.  In addition to the discussed tuneability, synthetic hydrogels are free of any naturally occurring 
ECM components, which has two great benefits: 1) it allows the precise investigation of cells in conditions that are free of biological confounding signals and 2) tissue models can be established without animal derived products and therefore without raising ethical issues. Although our tissue cultures are engineered in fully synthetic PEG-hydrogels, it is important to note that they are free neither of animal products nor of ECM components. By supplementing our cell culture medium with fetal bovine serum (FBS) we do use animal products that furthermore contain soluble ECM 
proteins such as plasma fibronectin and vitronectin. In future experiments, the usage of FBS could be avoided by using recombinant GF-cocktails. Alternatively, FBS could be replaced by human platelet-rich plasma, which still consists of ECM components but not of animal derived products. In addition to the FBS delivered ECM components, also endogenous, cell-derived ECM is obviously part of our cultures. We are convinced that the endogenously deposited ECM should not be considered as a limitation since it belongs to the inherent response of our system. Moreover, it is conceivable that synthetic hydrogels actually provide promising platforms for 3D tissue models because of the cell-derived ECM. However, the endogenous ECM is an often neglected feature of synthetic materials and needs to be taken into consideration as it might compete or interfere with 
engineered material features. In fact, we have shown by investigating fibronectin-depleted BM-
MSC monocultures that the endogenous ECM deposition does influence the outcome of synthetic hydrogel cultures. However, we have only touched on this point and the role of the endogenous ECM in synthetic hydrogel cultures largely remains a black box. In the future, it would be interesting, for instance, to investigate whether the BM-MSC derived ECM is a necessary condition for endothelial support and micro-capillary network formation in PEG-hydrogels.  
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Vision: Towards complexity or simplicity?
Tissue models are developed to study biological processes or to conduct drug screenings under 
defined ex vivo conditions. To make outcomes as valuable as possible, engineered in vitro tissues need to closely resemble in vivo tissues and consequently should include the vasculature if they aim to mimic vascularized tissues. In our developed model, we have established primitive micro-capillary networks. Although this model could certainly be applied to test pro- and anti-vascular drugs or to compare cells from healthy vs. diseased donors, the current level of complexity needs to be increased to reach near-physiological conditions that are required to actually mimic tissue. Such improved conditions mainly include perfusion, a 3D patterned structure, and the temporal control over the conditions (4D). However, we see the near future of our model rather as a basic vascular biology assay with which we can investigate the perfusion-independent, instructive function of the vasculature.
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